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SUMMARY
Past research on manual load carriage has had very limited 
applicability to the type of load carriage which occurs in 
industry. The majority of studies have investigated steady 
continuous load carriage on the back, rather than the 
intermittent 9 shuttle* type of carry in the arms which is 
more common in industry. Furthermore they have generally 
concentrated on the central cardiovascular or metabolic 
responses, and paid little attention to local muscle
fatigue. The highly stylised modes of carriage used in 
some previous studies have also been shown to differ
significantly from the more realistic freely chosen modes 
used in this study. This further limits their 
applicability.
Although potentially useful, current prediction models for 
load carriage tasks were found to be inappropriate for 
intermittent carrying, and had a poor level of agreement. 
A need was identified therefore to develop prediction 
models for industrial load carriage tasks, and to make a 
systematic study of local muscle fatigue in load carriage.
Results from the main study indicated that oxygen uptake
and heart rate responses were alinear with respect to load
weight, but linear with respect to distance and frequency 
of carry. Multiple regression analysis yielded best fit 
prediction equations for oxygen uptake and heart rate, 
based solely on inputs of load weight, carry distance, and 
handling frequency. The models produced are therefore 
relatively simple to use in practical industrial 
situations. They were validated experimentally and against 
published data.
A methodology for investigating local muscle fatigue was 
also developed. Despite high levels of intra- and inter­
subject variability in response, this methodology proved 
useful in detecting the task conditions which were most 
associated with peripheral muscle fatigue.
The results from these studies have indicated that when 
light loads are carried in the arms, whole body 
physiological responses adequately reflect the strain of 
the task. However as the load weight is increased, 
peripherral muscle fatigue appears to become the limiting 
factor. This becomes excessive in some circumstances well 
within current physiological stress criteria. Overall it 
may be better to carry light weights at a high frequency, 
than heavy weights at a lower frequency. This 
recommendation, based on a multidisciplinary study of load 
carriage, is at variance with the recommendations and 
previous studies based only on central metabolic cost 
criteria.
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For Sharon
"Common sense has the very curious property of being 
more correct retrospectively than prospectively.
One of the principle criteria to be applied to 
successful science is that the results are almost 
always obvious retrospectively; unfortunately, they 
seldom are prospectively. Common sense seems to 
provide a kind of ultimate validation after science 
has completed its work.”
Russel Lincoln Ackoff, 1968.
Chapter 1
GENERAL INTRODUCTION.
GENERAL INTRODUCTION
Despite the increasing trend towards mechanisation, manual 
load carriage is still very commonplace in industry. The 
high incidence of injury and illness associated with this 
type of work indicates that it can be very physically 
demanding. A need exists therefore for controls and 
guidelines to protect exposed workers. Furthermore, the 
upward trend in injury statistics indicates that this type 
of work is not on the decline (Robinson 1988). Rather it 
appears to be on the increase in newly industrialised and 
third world countries (Saha et al 1979).
Heavy manual work of this nature brings about particular 
ergonomic problems, not only in terms of injury and 
illness, but also in terms of fatigue, efficiency and 
productivity. This has been acknowledged for some time. 
Lothian (1922) produced a brief historical review of load 
carriage from biblical to modern times. He found that it 
was not until the late 19th century that any account was 
taken of the maximum load a man could effectively carry. 
This was motivated by the fact that soldiers were so 
heavily laden that they were too exhausted to fight on the 
battlefield. They were often expected to carry loads 
equalling almost the weight of their own body, despite the 
fact that it was thought unwise to burden pack animals
with more than one quarter body weight. A recommended 
maximum load of 401b was introduced, but was apparently 
largely ignored.
Problems due to industrial laod carriage were first 
addressed in a systematic way by the Industrial 
Fatigue Research Board (Bedale 1924). Since then there 
have been a number of studies on manual load carriage, 
although rather less than the prevalence of the activity 
would suggest. The majority of these appear to have had 
little applicability to the problems of industrial work, or 
have been rather narrow in their approach. This is 
illustrated by, amongst other things, the high incidence of 
injury and illness amongst workers involved in materials 
handling activities. There is a clear need for more 
applied research in this area, particularly that which can 
contribute towards the production of guidelines for safer 
and more efficient work. Specifically, this thesis aims to 
address the following points:
1) The preferred method of carrying a load in the arms.
-2)-The suitability of metabolic rate prediction models for 
industrial load carriage tasks.
3) The importance of peripherous muscle versus central 
fatigue.
Chapter 2
REVIEW OF THE LITERATURE
REVIEW OF THE LITERATURE
Part 1. Load carriage in industry
1.1 Prevalence of load carriage.
There is no definitive document which outlines the true 
extent of manual load carriage in industry, although many 
studies have reported its widespread existence (eg Drury 
et al 1982, Haisman 1988). In official publications load 
carriage has often been grouped together with lifting, 
lowering, pushing and pulling, under the generic title of 
manual materials handling. Figures for load carriage alone 
have therefore seldom been given.
Many studies in the U.S.A. have quoted estimates of the 
extent of materials handling in industry (eg Snook 1978» 
Dukes-Dobos 1977, Garg 1986). These state that it plays a 
significant part in around a third of all industrial jobs. 
Troup and Edwards (1985) conducted a review of materials 
handling in the U.K. They concluded that there is no 
reliable estimate of the number of workers involved in 
materials handling work, but that it occurs in significant 
amounts in all of the major industries, ie manufacturing, 
mining, construction, agriculture and service.
Within each of these industries, many individual jobs have 
been identified which contain a large amount of manual 
load carriage. These jobs have been the subject of study 
by many authors, and are listed in table 2.1. Clearly load 
carriage is a commomplace activity in industrial work.
Load carrying, and materials handling in general, is also 
prevalent in military work. Celantano and Nottrodt (1984) 
calculated that over 70% of all Canadian forces jobs 
involve lifting and carrying. In Britain no specific 
figures have been produced on the involvement of load 
carriage in military jobs, but it has been identified as a 
particular problem area. Waygood et al (1982) reported 
that the carriage of heavy loads, especially in the arms, 
was commonplace and a cause of severe fatigue amongst 
soldiers in the Falklands campaign. They also pointed out
that there is a lack of guidelines on optimum loads and
durations for load carriage of this type.
The paucity of data on load carriage in the arms has also 
been pointed out by Brainerd (1982). In a comprehensive 
review of human load carriage, he found that 51 out of the 
86 publications cited were concerned only with loads 
carried in a backpack. In contrast only 6 considered load
carriage in the arms or hands. This emphasis on the study
of loads carried on the back is at variance with the type
Table 2.1
Individual jobs quoted as containing 
a large amount of load carriage.
JOB REFERENCE
Brewery drivers 
Butchers
Construction workers 
Delivery drivers 
Dockers
Film camera operators 
Firemen
Flourmill workers 
Manufacturing industry 
Military personnel 
Mines rescue personnel 
Porters 
Postmen
Refuse disposal operators 
Warehousemen
Astrand (1958)
Magnusson et al (1987) 
Wickstrom et al (1985) 
Monod (1985)
Jackson (1968)
Asfour et al (1988) 
Louhevaara et al (1985) 
Haszeldine (1981)
Drury et al (1982)
Legg (1985)
Lind and McNicholl (1968) 
Noro (1967)
Ilmarinen et al (1984) 
Garg et al (1978)
Oguro and Okhubo (1984)
of load carriage which occurs in industry. In a large 
survey of industrial box handling, Drury et al (1982) 
reported that over 90% of all load carriage activities 
encountered were of a two handed nature in front of the 
body. Thus despite the prevalence of this type of load 
carriage, it appears to have been largely ignored by 
researchers in the past.
1.2 Problems associated with load carriage.
1.2.1 Injury and Illness.
Manual materials handling has been shown to be at the root 
of a large number of medical disorders, and is responsible 
for the loss of several million man days each year in 
sickness absence (Troup and Edwards 1985). Overexertion 
injuries such as muscle strains, sprains, herniae, and 
lumbar disc prolapse are the most common disorders (HSE 
1979). These are generally associated with the lifting of 
heavy loads rather than carrying, although the official 
statistics do not distinguish between these tasks. However 
there are a number of studies which have examined injury 
and illness from load carriage alone.
Dul and Heldebrandt (1987) quote three separate 
epidemiological studies which have shown that carrying (as
distinct from lifting) is a significant risk factor in the 
development of low back pain.
Magnusson et al (1987) have also implicated the carriage 
of heavy loads in the development of medical problems. In 
a study of professional butchers, they found that carrying 
boxes of up to 40kg and meat parts of up to 70kg were 
common tasks. This caused excessive loading on many joints 
and muscles, which the authors suggest contributed to the 
high incidence of back and shoulder disorders.
Davis (1983) reported on the incidence of slip, trip and 
falling accidents and the injuries that result. He 
indicated that such accidents commonly occur when goods 
are being transported by hand. Amongst the reasons given 
were that heavy loads and awkward loads may upset balance 
and footing, and restrict visibility. Also, fatigue due to 
high workloads can seriously impair co-ordination. Monod 
et al (1985) reported that in France, manual handling 
operations are at the root of almost 30% of all work 
accidents. They also implicated muscular fatigue as a 
contributory factor.
Excessive compressive forces on joints have been shown to 
lead to acute and chronic musculoskeletal disorders. Noro 
(1967) has outlined many such conditions in workers
involved in carrying loads. He compiled an extensive 
review of the medical aspects of load carriage, based 
primarily on his observations as an occupational 
physician. Amongst the disorders listed were deformities 
in the vertebrae and other bones, myalgias, and myosites. 
These he believes are primarily caused by overstraining 
muscles and joints, and are common in workers who are not 
yet acclimatised to the work.
He further stated that continuous pressure on the joints 
can lead to different kinds of arthrosis deformans, 
especially in the vertebrae, knee and ankle joints. Such 
changes, he found, were common amongst porters, miners and 
others engaged in load carriage.
Further evidence for this has been given in a study by 
Schroter (1958). He found spondylitic changes in the 
vertebrae of 98% of a group of workers who habitually 
carried heavy weights. The incidence in a control group of 
bank employees was only 37%.
Other researchers have studied the effects of heavy weight 
loading on the spine. Fitzgerald (1972) reported 
significant decrements in stature over the day when 
various loads were applied to the shoulders. This was 
attributed to leakage of fluid from the intervertebral 
disks, which reduces their flexibility. Fitzgerald
concluded that excessive shoulder loading for prolonged 
periods, as occurs with load carriage, may increase the 
risk of back injury if sudden forces are subsequently 
applied to the spine.
A number of others have since investigated spinal 
shrinkage associated with lifting and carrying, and have 
drawn similar conclusions (eg Troup et al 1985, Vincent et 
al 1987, Eklund and Corlett 1984, Kazarian 1975). Tyrrel 
et al (1985) found a strong positive correlation between 
the weight handled and the degree of spinal shrinkage. 
Thus they concluded that the greater the weight handled 
the greater the spinal shrinkage, and therefore the 
greater the risk of injury.
Not all problems associated with load carriage have been 
confined to the back. Freeman (1970) made a study of 
osteoarthrosis in the hip joint. He found that 
osteoarthrosis was caused by a breakdown in the articular 
cartilage, and that this was associated with occupational 
load carriage. He further stated that the lack of 
innervation to the articular cartilage gives no conscious 
or unconscious indication of the degenerative changes that 
are taking place. Thus the damage dqne can become 
extensive before any problem is realised. He called for a 
reduction in occupational load carriage to help diminish 
the eventual incidence of osteoarthrostic change.
Renbourne (1954) reported on the in incidence of stress 
fractures of the foot, tibia, fibula, and femur. These he 
states are common in soldiers, especially untrained 
recruits, who are "burdened with prolonged and repeated 
bouts of heavy load carriage". He speculated that the main 
causes of these fractures are the pull of the muscles on 
the elastic bones, and direct stress on the bones when the 
muscles are fatigued.
In making some concluding comments on a series of papers 
on load carriage, Davis (1970) stated that "in view of the 
degenerative changes that have been shown to occur, it is 
clear that mans frame was not evolved to carry heavy 
weights, frequently or for long periods of time. As 
nomadic hunters, our period of evolution to a bipedal 
stance had not been associated with a material society. It 
was only since the Neolithic period, some 10,000 or so 
years, that we had become habitual carriers, and it might 
be that the ills associated with weight transport resulted 
from this lack of physical adaptation to the task".
1.2.2 Pain and Discomfort.
Pain and discomfort have been a widely reported feature of 
heavy manual work, however as pointed out by Milner 
(1985), most of these reports have been of an anecdotal 
nature. There have been few studies which have attempted 
to quantify, or make structured assessments of work 
related discomfort, particularly with reference to load 
carriage tasks.
Recognising the unstructured way in which discomfort had 
previously been reported, Corlett and Bishop (1976) 
devised a methodology for recording postural discomfort in 
industrial situations. This was based on a diagram of the 
body divided into segments, on which the subject could 
identify areas where discomfort occurred. The severity was 
then rated on a 10 point annotated scale. Adaptations of 
this technique have since been used to assess the 
localisation and extent of discomfort in materials 
handling tasks such as repetitive lifting (eg Legg and 
Pateman 1984) and load carriage (Randle 1983, 1984).
Randle has measured localised discomfort in comparisons of 
walking and carrying, at equal rates of external work 
(Randle 1983), and at equal energy expenditures (Randle 
1984). In both cases the carrying was found to produce 
significantly greater discomfort. This was highest in the
hands, arms, shoulders and back, and was attributed to the 
high degree of isometric activity occurring in these 
muscles whilst carrying.
Pain and discomfort during isometric muscle contractions 
has been reported by many other researchers. The majority 
of these have found a linear relationship between the 
severity of this discomfort, and the length of time the 
contraction is held (Caldwell and Smith 1967, Menzer et al 
1969, Kirk and Sadoyama 1973, Corlett and Bishop 1976, 
Barbonis 1979, and Milner 1985). Menzer et al (1969) 
investigated the hypothesis that this linear relationship 
was largely due to suggestion by the experimenters, since 
most protocols asked for ratings at regular time 
intervals. In one experiment they took ratings at random 
time intervals, and in another asked subjects to state 
when they perceived an increase in the discomfort level. 
In both cases the severity of discomfort was still found 
to be linearly related to time.
Other studies have suggested that the nature of this 
relationship may be dependent on the level of force used. 
Corlett and Manenica (1980) found that the relationship 
between discomfort and time was linear at low levels of 
force (10% and 30% MVC), but commenced at much higher 
levels at 75% MVC. Kilbom et al (1983) reported that the 
majority of subjects performing a sustained elbow flexion
at 25% MVC reported no discomfort until 20-30% of maximum 
holding time had elapsed. Thus giving a slightly alinear 
pattern overall.
It appears therefore that there is a fairly consistent 
relationship between discomfort and holding time for 
isometric contractions. This is despite the strong 
contextual and cultural factors which have been shown to 
influence its reporting (Melzac 1977). This has 
implications for recommendations on manual load carriage. 
The distance over which a load must be carried will 
largely dictate the length of time for which it must be 
held. Thus the evidence suggests that distances should be 
kept to a minimum to minimise discomfort. Some support for 
this is given by the observations of Gupta and Rohmert 
(1964), who found that porters preferred to carry heavy 
objects in a short shuttle type of operation, rather than 
carrying for longer periods and making less frequent 
trips.
1.3 Past work on load carriage
1.3.1 Physiological costs.
The responses to load carrying in general, and more 
specifically to load carrying in the arms, have in the 
past often been studied in the context of static and 
dynamic muscular work. For this reason the physiological 
responses to static and dynamic work are outlined in a 
separate section of the literature review (section 2.2). 
The present section is more concerned with the general 
physiological costs of load carrying.
It is apparent that the majority of studies which have 
addressed the responses to load carriage have paid 
greatest attention to the cardiovascular and metabolic 
costs. It is also apparent, as indicated by the review of 
Brainerd (1982), that the vast majority of these have only 
considered load carriage on the back (eg Goldman and 
Iampietro 1962, Myles and Saunders 1979).
In a recent review, Haisman (1988) identified several 
factors which have been shown to influence the 
physiological costs of load carriage. These were the 
weight of the load; its dimensions and how and where it 
was placed; walking speed; the characteristics of the 
terrain; environmental conditions; and the size, weight, 
age, sex, strength and fitness of the carrier.
Much of the research into this area has concerned itself 
with elucidating the relationship between metabolic cost 
and the weight of the load to be carried. The general 
consensus of opinion appears to be that metabolic and 
cardiovascular cost increase in a linear fashion, 
providing the load is kept close to the person's centre of 
gravity (eg in a backpack). In effect carrying a load in a 
backpack is like adding extra body weight (Lotens 1982, 
Winsman and Goldman 1976, Pandolf et al 1977). However 
according to Durnin and Passmore (1967) physiological 
efficiency does fall when heavy weights are carried, 
particularly at fast speeds and up inclines.
The nature of this relationship also changes according to 
the placement of the load. Legg (1985) listed as many as 
12 different possible sites for the placement of loads on 
the body. Several studies have compared the efficiency of 
different methods of load carriage. Datta and Ramanathan 
(1971) compared seven different modes of carrying 30kg, 
and found that the most efficient method was using a 
double front and back pack. The least efficient was 
carrying in the arms, which produced an energy expenditure 
44% higher.
Soule and Goldman (1969) compared the energy costs of 
carrying loads on the head, hands and feet. They found
that in comparison with a no load condition, the increase 
in energy expenditure was 1.2 X for the head, 1.9 X for 
the hands, and 4-6 X for the feet. Similar findings have 
been reported by Bedale (1924) and Legg (1985). Others 
have suggested that the specific way in which a load is 
carried in the arms can influence the responses (Coury and 
Drury 1982, Haszeldine 1981). This is discussed further in 
chapter 3.
Few studies have looked at the physiological costs of the 
type of load carriage which normally occurs in industry. 
That is, short distance repetitive carrying in the arms 
(Drury 1982). However, Monod and various co-workers have 
investigated this type of task in a number of laboratory 
experiments (Evans et al 1983, Zerbib et al 1983, Monod 
1985, Monod et al 1985).
Monod has criticised the use of metabolic rate as the sole 
indicator of physiological strain for tasks such as 
carrying loads in the arms. This is because this type of 
work has a high static component, and produces a 
disproportionately higher cardiovascular than metabolic 
response. Therefore a measure of metabolic rate alone may 
not reflect the true cost of the work to the individual. 
Monod therefore advocates the use of heart rate as a more 
appropriate indicator of strain when there is a large 
static component in the task. In the paper of Monod et al
(1985) he measured both heart rate and oxygen uptake 
responses to repetitive load carriage. He found both to be 
linearly related to load weight, and the 'power' of 
carriage. That is the product of load, distance and 
frequency of carriage (ie external workrate). From this he 
recommended combinations of load weight, carry distance 
and frequency which could be performed without exceeding 
the ergonomic criterion of a work pulse of 40 bt.min-1. 
Unfortunately the range of conditions used was quite 
small, and included only a single carry distance of 15 
metres. The results are therefore of limited use in 
practical situations.
Taboun and Dutta (1987) also studied heart rate and oxygen 
uptake responses to repetitive load carriage in the arms. 
They too found that physiological cost was related in a 
linear fashion to external workrate. In addition their 
results indicated that both heart rate and oxygen 
consumption had significant linear relationships with load 
weight, distance and frequency. Of these factors they 
found that frequency of carry exerted the biggest 
influence on the physiological responses. However since 
this was studied over a much greater range than either 
carry distance or load weight, the relative contributions 
of each of these variables to the physiological cost 
remains unclear.
Despite the large number of studies on the metabolic and 
cardiovascular costs of load carriage, there are still 
very few data on the recovery of these responses 
following work. In one study which did investigate this, 
Randle (1984) made a comparison of the recovery heart 
rates and oxygen consumptions of walking and carrying 
tasks. It was found that the recovery of heart rate was 
significantly slower following carrying than walking, and 
that the difference was greatest at high workrates.
1.3.2 Local muscle fatigue.
As the above sections have shown, it is the whole body 
physiological effects of manual load carriage which have 
been most closely studied. There have been very few 
attempts to measure local muscle fatigue, even in studies 
where very heavy loads have been carried in the arms for 
prolonged periods (eg Datta and Ramanathan 1971). This is 
exemplified by a recent review of the literature on manual 
load carriage. Although many relevant aspect were covered, 
no mention whatsoever was made of local muscle fatigue 
(Haisman 1988).
This is somewhat surprising, considering several authors 
have stated that local muscle fatigue may become the 
limiting factor in many load carriage situations. As long
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ago as 1962 the International Labour Office published an 
information sheet on lifting and carrying which made a 
statement to this effect (ILO 1962). It pronounced 
"Carrying imposes a high degree of static strain on many 
muscles, especially those of the arms and trunk. Working 
capacity can often be limited by fatigue in these muscles 
rather than those doing the real dynamic work." However no 
data, or reference to published work was given to support 
this statement.
Dukes-Dobos (1977) also stated that "localised muscle 
fatigue is more limiting than cardiopulmonary factors in 
many load handling situations." He did not give any 
indication of what these situations may be, and could only 
quote unpublished findings as his source. However, in 
emphasising the importance of local muscle fatigue, he did 
point out that there is a need for valid techniques to 
assess it, and that these had so far been absent.
In another review of load carriage methods, Legg (1985) 
stated that "it is likely that the limiting factor for 
hand or arm carriage is local muscle fatigue, particularly 
in the forearm or handgrip muscles". However, like 
Dukes-Dobos (1977), he did not support this statement with 
direct reference to load carriage studies which measured 
this.
One study which has specifically addressed local muscle 
fatigue in load carrying tasks is that of Tonnes et al
(1986). They made a study of firemen carrying 50kg hose 
boxes, and found that exhaustion due to local muscle 
fatigue occurred after only 3-4 minutes. At the point of 
exhaustion the mean heart rate was 137 bt.min-1, and the 
mean oxygen consumption was equivalent to 49% VO* max. At 
these values, the authors suggest, the subjects should be 
able to continue carrying for much longer. Therefore local 
muscle responses were the limiting factor in this 
situation.
The above references indicate that there is evidence, 
albeit largely anecdotal, to suggest that local muscle 
fatigue can limit endurance in load carriage. However 
there is a lack of data to indicate the situations in 
which these local responses become more important than the 
central physiological responses.
1.3.4 Modelling the physiological responses to load
carriage.
Considering the number of studies which have investigated 
the physiological responses to load carriage, the number 
which have produced prediction models are relatively few.
Givoni and Goldman (1971) made an extensive study of the 
metabolic cost of carrying loads, and produced a 
prediction equation primarily for backpack load carriage. 
They found that carrying loads in the arms involved an 
additional metabolic cost above that of carrying on the 
back. They therefore produced a correction factor for 
their equation ’+M’, to be added when considering carrying 
in the arms. This model was later modified by Pandolf et 
al (1977) to account for a greater range of walking 
speeds.
Garg et al (1978) suggested that the metabolic cost of 
carrying loads in the arms could be accounted for by a 
weighted combination of the individual metabolic costs of 
walking, holding, and body posture control. They produced 
empirical models for lifting and lowering as well as for 
carrying loads in the arms.
Morrissey and Liou (1984a) produced prediction models for 
metabolic rate and heart rate for ’two hand in front of
body load carriage*. Their models incorporated a factor 
for the width of the box in the saggital plane, which they 
found to have a significant (although rather small) 
influence on physiological responses. They later extended 
these models to include stooped as well as erect postures 
(Morrissey and Liou 1984b).
One feature that the above models have in common is that 
they were all based on experiments which involved steady 
state continuous load carriage. That is the subjects 
carried continuously, without stopping or releasing the 
load, for a predetermined length of time or until 
physiological equilibration had occurred. This is in sharp 
contrast to the type of load carrying which occurs in 
industry. As described earlier, this typically involves 
carrying over short distances, with emptyhanded return 
journeys, and at a high repetition rate (Drury et al 
1982). Only in military situations are loads carried 
continuously without stopping for any length of time, and 
in these situations the loads are generally well 
distributed over the body and not held in the arms 
(Haisman 1988). The applicability of these models to 
common industrial load carriage tasks is therefore 
questionable. This argument is developed further in 
chapter 4, where the above models are presented in full.
In addition each of the models requires the input of 
information which may not be readily available on the 
industrial shop floor, such as walking speed, the workers 
body weight, percentage gradient of any slopes and the 
nature of the surface. This severely limits their 
practicality, and may explain why such equations are not 
favoured by work study practitioners.
Snook (1970) produced guidelines for manual load carriage 
which were much simpler to use. He developed tables of 
acceptable weights for repetitive load carriage which only 
required measurements of distance and frequency. However 
this work was based entirely on the psychophysical 
methodology, which relies on the workers being able to 
estimate the workload which they could sustain for an 
entire workday. In addition, guidelines were only given on 
what was considered acceptable for 95% of the workforce. 
These guidelines were therefore rather conservative in 
their recommended limits. Snook did not go on to produce 
prediction models for the physiological responses to the 
various workload combinations he studied.
There are a number of methodological issues which are 
worthy of mention regarding mathematical modelling.
The equation for predicting metabolic rate produced by
Morrissey and Liou (1984a) claimed to account for nearly 
95% of the variance in their data (r2=0.945, r=0.972).
This is an exceptionally high degree of correlation for a 
physiological measure on human subjects. The 5% of 
variability which the model does not account for must 
include factors such as experimental error, inaccuracies 
in measurement, and day to day variability in the 
subjects. (The between subjects variability is removed 
from this calculation). This seems rather low, 
particularly since the authors used the Weir (1949) 
formula to calculate metabolic rate, which in itself can 
be up to 5% in error (Belyavin et al 1981).
It appears therefore that the model of Morrissey and Liou 
may have an exaggerated level of accuracy. According to 
Prescott (1987) this can be achieved by applying 
transformations and advanced curve fitting techniques to 
the data. This will have the effect of enhancing the r2 
term, but does not mean that the same degree of accuracy 
could be achieved if other data were applied to the model. 
This should be borne in mind when using such models.
Another methodological issue regarding the production of 
prediction models concerns the choice of experimental 
design. The choice of experimental design is particularly 
important since it can affect the nature of the apparent 
relationship between the variables in question. The
reasons for this are outlined below, but why it is of 
concern in this review is that in only one of the above 
studies which have given prediction equations, is the
choice of experimental design clearly stated.
Of primary importance is the choice of a first or second 
order experimental design. Cochrane and Cox (1957) state 
that a first order design is only appropriate for
exploring linear relationships. It is therefore 
inappropriate to fit a quadratic or second order functions 
to data which has been collected using a first order 
experimental design. If a non-linear relationship is 
hypothesised, then a second order experimental design is 
the minimum requirement.
It is apparent that each of the equations produced in the 
studies quoted above do include higher order terms.
However the validity of these can not be verified since
details of the experimental designs are generally absent.
A type of experimental design has been developed which is 
particularly appropriate for the formulation of 
prediction models. This is known as the Response Surface 
design, which was developed in the 1950*s by G.E.P. Box. 
Polynomial regression is used on several variables giving 
an estimate of their relationship to the response 
variable. The experimental design is constructed to
optimise the compromise between the size of the 
experiment, and the validity of the quantitative 
relationship obtained. Fuller details of Response surface 
designs are given in Ainsworth and Morgan (1981).
This approach has been adapted specifically for use in
human factors experimentation (Simon 1970, Clarke and
Williges 1973). Simon (1970) suggested that a human 
factors engineer should ask himself a set of 10 questions 
as a guide to whether a response surface design is
appropriate. These were:
1. Are the critical variables quantitative and continuous?
2. Is the real purpose of the study to discover the 
quantitative relationship between a set of variables?
3. Am I more interested in understanding the broad
relationships across a multivariate space than in
obtaining highly reliable information about a few points 
in a small segment of the experimental region?
4. Do I believe that higher order interactions, three 
factor and above, exert relatively little influence on the 
performance in which I am interested?
5. Am I under some obligation to do the study as quickly 
and as cheaply as possible?
6. If I handle all of the variables which are considered
critical, must I become concerned about the size of the
study?
7. Will many observers be unable to run all of the 
experimental conditions in a single session?
8. Is the number of available observers and experimental 
materials limited?
9. Does the experimental equipment tend to vary and make 
constant settings difficult?
10. Am I more concerned with obtaining answers than 
adhering to traditional experimental procedures?
The suggestion was that if there were more Yes than No 
answers, then a response surface design should be 
seriously considered. There have been a number of 
ergonomics studies which have effectively used this type 
of design to model psychological (eg Williges and North 
1973) as well as physiological responses (eg Taboun and 
Dutta 1984). An example of a response surface design, 
together with further details on their characteristics, 
are given in chapter 5.
Part 2: Static and dynamic muscular work
2.1 Definitions and descriptions.
Muscular contractions can be classified into two main 
types, namely dynamic and static (Monod 1972). Astrand and 
Rodahl (1977) define the two types of muscular work in the 
following way:
Dynamic contractions are those characterised by a change 
in the length of the muscle as tension is developed. These 
usually occur rhythmically. If the muscle shortens, then 
the contraction is termed concentric, if it lengthens then 
the contraction is termed eccentric. Dynamic contractions 
have also been termed * isotonic*, meaning equal tension. 
This is not an accurate term since the tension developed 
in the muscle changes during the course of contraction. An 
example of dynamic muscular activity occurs in the leg 
muscles whilst walking.
Static contractions are characterised by the development 
of tension in a muscle, without any change in its length. 
An alternative term is 'isometric*, which means equal 
length. This is an accurate term since the length of the 
muscle does not change for the duration of the 
contraction. An example of static contractions occurs in 
the arm muscles when holding a weight.
Grandjean (1980) points out that it is relatively easy to 
distinguish between the two types of work when looking at 
a particular muscle doing a particular job. However, when 
considering the whole body engaged in a task, it is 
difficult to classify the work as completely static or 
completely dynamic. Most jobs involve a combination of 
both in their execution. Simonson (1971) states that there 
is no dynamic work without a static component. He 
elaborates citing the example of walking. This is 
considered a mainly dynamic task, since many muscles are 
involved in rhythmical movement. However the muscles of 
the trunk, in particular the back, are involved in static 
effort maintaining the rigidity of the trunk and the 
upright stance.
There is a static component in nearly every form of 
industrial work, which may be particularly high in jobs 
which involve bending the back; holding objects in the 
arms; standing for long periods; or pushing, pulling and 
carrying loads (Grandjean 1980).
Other researchers have given examples of specific jobs 
which involve a large static component. Graveling et al 
(1980) report high levels of static muscle loading 
occurring in many of the tasks involved in coalmining, 
hand held drilling and arch setting in particular.
Westgaard and Aaras (1980) have used electromyography to 
measure the degree of static loading on muscles, and have 
reported high levels amongst assembly workers in industry. 
Therefore most jobs involve static and dynamic muscular 
work, and as Lind et al (1978) point out, the problems of 
muscular fatigue due to static contractions are less well 
understood than rhythmic exercise, and may assume 
considerable importance in the industrial scene.
2.2 Physiological responses to static and dynamic work.
The physiological responses to largely dynamic exercise 
have been widely reported. Useful texts mainly devoted to 
this have been produced by Simonson (1971) and Astrand and 
Rodahl (1977).
The effects of static work are less well researched, 
however a review of studies investigating its 
cardiovascular, metabolic and respiratory effects has 
recently been produced by Petrofsky (1982).
The responses of the cardiovascular system have been 
reported to be different for the two types of work. Knox 
(1951) reported that static contractions bring about a 
slower increase in heart rate than do dynamic 
contractions. Hettinger (1970) has shown that at roughly 
equivalent energy expenditures, work involving a high 
static component will produce a higher heart rate than one
containing mainly dynamic activity. Grandjean (1980) 
believes that this relationship can be used to assess the 
static component of a particular task.
Astrand and Rodahl (1977) have reported that the increase 
in heart rate is proportional to the muscle mass involve 
in mainly dynamic exercise. This relationship was not 
found when looking at static contractions (Lind and 
McNicholl 1967). They reported that the increase in heart 
rate caused by static effort was proportional to the 
percentage of maximum effort involved, and was independent 
of the mass of muscle involved. Mitchell et al (1977) and 
Seals et al (1983) have recently made observations to the 
contrary, and suggest that the rise in heart rate from 
static contractions is due to both the percentage of 
maximum effort and the size of the muscle mass involved. 
Lind et al (1964) have suggested that the large increase 
in heart rate elicited from the static contractions 
appears inappropriate for the small increase in oxygen 
uptake which occurs. Hansen and Magio (1960) also noted 
this and showed that the regression line between VO 2 and 
heart rate was much steeper for static than dynamic work. 
This has also been suggested as a means of estimating the 
size of the static component in a task (Grandjean 1980).
Metabolic differences have been observed between the two 
types of work. The relationship between workload and
oxygen consumption has been shown to be linear with 
submaximal dynamic work (Astrand and Rodahl 1977). This 
relationship between workload and oxygen consumption has 
also been observed with static work, by Lind et al (1964) 
and Seals et al (1983). However the pattern of VO 2 
increase was quite different. For static work the rise in 
VO 2 after the onset of work was slower ; the plateau 
levels were lower than one would expect considering the 
effort involved ; and there was often a peak in VO 2 on 
cessation of work, with a long period before resting 
levels returned. These observations suggested to the 
author that the blood flow was restricted to statically 
contracting muscles, therefore they had to respire 
anaerobically for the duration of the contraction. This 
accounted for the slow rise and low level of VO 2 during 
the work. The peak after cessation of work was due to the 
hyperaemic effects of the metabolites which had built up 
in the muscles, and the long period before restoration of 
resting levels due to the ’oxygen debt* being paid back.
A feature of static work is that it produces rapid 
muscular fatigue. Monod (1956) and later Rohmert (1966) 
have related the maximum duration of a static contraction, 
with force as a percentage of maximum voluntary 
contraction. They found that maximal contractions were 
only sustainable for a matter of seconds, and 50% of 
maximum voluntary effort was sustainable for about one
minute. Only when contractions were below 15% of maximum 
were they sustainable for long periods.
A number of subsequent studies have suggested that the 
force limit for continuous isometric contractions may be 
even lower than this (Davies and Pratt 1976, Poitier et al 
1969, Westgard and Aaras 1978). Bjorksten and Jonsson 
(1977) suggest a limit of around 8%. However, as many of 
the above studies point out,the endurance characteristics 
vary with the sight and composition of the muscle. It has 
also been noticed that there appears to be an inverse 
relationship between muscle strength and endurance time. 
Kroll (1968) investigated 45 subjects each performing 30 
maximal isometric contractions. He divided the subjects 
into three strength categories, high, medium and low, and 
reported that the weak subjects fatigued significantly 
more slowly than the others. Mundale (1970) and Bjorksten 
and Jonsson (1977) when investigating submaximal endurance 
time, both found that weaker subjects could hold a given 
percentage of their maximum force for a longer period than 
stronger subjects.
Many authors have noted that the characteristic effects 
observed with static contractions are only apparent when 
they are above 15% - 20% of maximum. An explanation for 
this is given by Monod (1972). When a muscle contracts at 
forces greater than 15% - 20% of maximum, the pressure
within it may exceed systolic blood pressure. Thus 
vascular occlusion occurs and the muscle is effectively 
isolated from its blood supply. It therefore has to work 
anaerobically for the duration of the contraction and is 
limited by the accumulation of metabolites which will 
eventually cause pain. Below 15% - 20% of maximal effort, 
the blood flow through the muscle is sufficient to sustain 
the contraction for long periods.
An alternative explanation came from Gollnick (1973), who 
observed that for static contractions of less than 20% of 
maximum, the slow red type I muscle fibres are mainly 
used. These are well supplied with blood vessels, and do 
not fatigue quickly, hence endurance is long. For 
contractions of greater than 20% of maximum, more fast 
white type II fibres are recruited. These provide greater 
short term power, but are less well supplied with blood 
vessels and so principally respire anaerobically, giving 
shorter endurance.
With dynamic work, the blood flow through the muscles is 
maintained due to the rhythmic nature of the contractions. 
During the relaxation phases blood may enter the muscle, 
providing oxygen and removing waste products. Therefore 
dynamic contractions are sustainable for longer periods 
than static contractions (Astrand and Rodahl 1977).
The fatiguing nature of static work can be observed on a 
gross scale when looking at tasks such as lifting and
carrying. Astrand (1967) observed that when walking on a
treadmill (mainly dynamic work), fit young men could
sustain a work level of 50% of their V02max for an 8-hour 
work day. However Legg and Pateman (1984) reported that
when lifting and carrying weights (high static component), 
a level of only approximately 23% of V02max could be 
sustained for an 8-hour work day. Randle (1984) made a 
comparison of walking with carrying heavy loads, at equal 
rates of energy expenditure. It was found that the 
carrying produced significantly higher heart rates and 
perceived exertions, and slower recovery. Clearly a large 
static component increases fatigue and reduces endurance.
2.3 Interaction between static and dynamic muscular work.
The physiological interaction between the static and 
dynamic components of physical work has been investigated 
by a number of researchers. Knox (1951) has reported a 
purely additive relationship between them at all levels of 
work. That is, the total strain experienced by an 
individual is equal to the sum of the effects of the 
static and dynamic components individually.
Legors et al (1976) found that the whole was greater than 
the sum of the parts, particularly at high levels of work, 
and so put foward a multiplicative hypothesis.
Others have found that the physiological effects are 
smaller than those predicted by an additive hypothesis, 
notably Andrews (1966), Lind and McNicholl (1967), Haissly 
et al (1974), and Kilbom and Brunden (1976). Graveling et 
al (198 A) have suggested that the interaction is dependent 
on the proportion of the subject’s aerobic capacity taken 
up by the dynamic component. This view was supported in 
part by Randle (1984), who found that the relationship was 
different at different levels of overall workload. Sanchez 
and Monod (1979) conclude that the interaction is additive 
under well controlled conditions, and suggest that other 
types of interaction were due to changes in posture and 
muscle usage arising from the different protocols used.
The only conclusion that can be made from the review of 
the above studies is that there is little consensus of 
opinion on the exact nature of the relationship. This has 
implications for the setting of ergonomics standards for 
workload and recovery allowances, since most physical 
tasks in industry contain a mixture of both types of work. 
Clearly there is a need for more research into this area, 
over a wider range of conditions.
2.4 Measurement of Isometric Muscle Fatigue.
It was apparent from the review of the literature in 
section 1.3.3 that there was a paucity of data on the 
effects of load carriage on local muscle fatigue. This is 
despite the fact that studies have addressed the general 
area of fatigue in isometric work for many decades 
(Petrofsky 1982). It appears that one major reason why 
this research has not found application in the applied 
study of industrial tasks such as load carriage, is that 
there has been no standardised procedure for measuring 
isometric muscle fatigue.
Most recent work in this area has concentrated on the use 
of electromyography. Chaffin (1973), studying isometric 
fatigue, noticed that the frequency spectrum of fatigued 
muscle contained more power in the low frequency bands 
than non-fatigued muscle. Petrofsky (1982) investigated 
this concept further, and reported that there was a linear 
reduction in the centroid frequency of the spectrum, over 
the course of a fatiguing contraction. The extent of this 
shift in centroid frequency, it is claimed, indicates how 
much longer the contraction is sustainable. However this 
work has not been validated by others, and the sensitivity 
and complexity of the equipment involved makes its 
widespread use in applied settings rather impractical.
In order to make functional estimates of isometric 
fatigue, it is necessary to accurately measure maximum 
isometric strength. This is the case even when considering 
submaximal exertions, since these are usually expressed as 
a percentage of maximum force (Chaffin 1975). However due 
to large disparities in methods previously used, there was 
generally a low level of agreement between studies
reporting maximum isometric strength. For this reason an 
ad hoc committee was set . up to address the problem 
(Caldwell et al 1974)* These authors report of the
"considerable diversity" of data relating to human 
isometric strength capabilities. This they put down to the 
lack of reported detail on factors such as sample 
characteristics and methods of measurement. Kroemer (1970) 
found that of a collection of 50 papers on human strength,
collected over a number of years, only 5 clearly stated
the method of force application and statistical index 
used. In an attempt to reduce the high degree of disparity 
in results from different studies, Caldwell et al (1974) 
proposed a standardised procedure for testing isometric 
muscle strength. This is summarised below:
1 .
(a) Assessment should be made during a steady exertion 
sustained for four seconds.
(b) Transient periods of one second either side of the
sustained exertion should be disregarded.
(c) The strength datum is the mean score recorded during 
the first three seconds of the steady exertion.
2.
(a) The subject should be informed about the test purpose 
and procedures.
(b) Instructions should be kept factual and not include 
emotional appeals.
(c) The subject should be instructed to increase to 
maximum exertion in about one second (without jerking), 
and to maintain this effort for four seconds.
(d) The subject should be informed during the general 
test session about his general performance in positive and 
qualitative terms. Instantaneous feedback during the 
exertion should not be given.
(e) Rewards, goal setting, competition, spectators, fear, 
noise, etc. should be avoided.
3. The minimum rest period between related efforts should 
be two minutes.
4. Describe the conditions during strength testing:
(a) Body parts and muscles chiefly used.
(b) Body position.
(c) Body support/reaction force available.
(d) Coupling of the subject to the measuring device.
(e) Strength measuring and recording device.
In their paper, the authors provide some justification for 
the inclusion for each of the above points, with the 
exception of item 3, the two minute rest period between 
exertions. There appears to be no scientific support for 
this recommendation.
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Part 3: Determination of rest and recovery allowances.
The prevalence of heavy physical work in industry has lead 
to the need for ways of producing reliable criteria for 
the determination of rest periods and recovery allowances. 
Past work on these has been based either on empirical 
laboratory studies of the physiological responses to work, 
or the more practical but less scientific work study 
approach.
3.1 Physiological criteria.
There have been a number of physiological methods proposed 
for calculating the required rest period, or work/rest 
cycle for use in industrial work. Early examples of these 
were based on measured or estimated values of energy 
expenditure, or heart rate.
Spitzer (1951) devised a formula for calculating the 
nessesary rest period during heavy work. His formula is 
based on a measured value of energy expenditure:
resting time = (kcal/min -1) *100
4
This simple formula gives very high values for rest 
periods. For example, when applied to moderately heavy 
work with an energy expenditure of 8 kcal/min, the formula 
calculates that resting time should equal 100%. That is, 
the worker should have the same amount of resting time as 
working time. The formula does not specify what length the 
work and rest periods should be, and is therefore far too 
simplistic. It may be interpreted as meaning one minute 
work then one minute rest, or four hours work then four 
hours rest.
Murrel (1965) has also devised a formula for calculating 
the recovery time required to minimise fatigue during a 
working day.
Recovery Time = Total working time (E - 5 kcal/min)
E - 1.5
Where : E = mean energy expenditure
Total working time is number of minutes per day
This is based on a value of energy expenditure like 
Spitzer*s formula, but is only proposed to estimate the 
total rest required in a day. Murrel explains that the 
duration of each work and rest bout will depend on the 
intensity of work, short durations being preferable at 
workrates above 5 Kcal/min.
Heart rate values have also been used as the basis of rest 
allowance determination. Brouha (1967) has made extensive
studies of heart rate as an index of workload, and has 
concluded that the recovery pulse gives a good indication 
of the level of workload, and is in fact linearly related 
to it. He recommends that the heart rate be measured at 30 
seconds, 1.5 minutes, and 2.5 minutes after the cessation 
of work, and that the first reading should not exceed 110 
beats/min, with a fall of at least 10 beats between the 
first and third readings. Given these conditions the 
workload could be sustained during an 8-hour working day. 
However the basis of these recommendations are from 
studies which involved mainly dynamic work only, like 
stepping exercises and cycling. There is a lack of data 
attempting to validate their applicability to work with a 
high static component.
Muller (1960) has also advocated heart rate recovery as a 
means of determining the length and intensity of 
industrial work. He based his criteria on the principle 
that work should continue only for a length of time that 
will not unduly prolong recovery. The sum of resting heart 
beats is measured to determine the recovery cost of work, 
and this is used to design work and rest schedules.
The basis of most of these criteria are from studies which 
involved mainly dynamic work like stepping, running and 
cycling. Therefore their applicability to static work, and 
work with a large static component is somewhat limited.
This limitation has been recognised, and more recently 
there have been attempts to determine criteria 
specifically for static muscular work.
Rohmert (1973) has addressed the problems of determining 
rest allowances in industry, particularly concerning 
static work. He draws on previous work of his own to 
produce relationships between the intensity and duration 
of static contractions. Further he has produced guidelines 
on the percentage rest time required for complete recovery 
from static contractions, at a variety of intensities and 
durations. These guidelines have been summarised in an 
empirically derived formula:
RA = 18 * t/T * f/F - 0.15 * 100%
Where: RA = Rest allowance
t/T = Duration of contraction as a fraction of 
maximum
f/F = Force of contraction as a fraction of maximum
Rohmert has produced an equally complex formula relating 
to rest allowances required for heavy dynamic work. An 
area not included in his thesis is the rest allowance 
required for heavy physical work with a large static 
component, as is observed in most heavy industries.
Static muscular contractions are used to maintain posture. 
If parts of the body are supported against the pull of 
gravity by muscular action, then static activity may be
considerable. This may be observed in a forward lean for 
example. There have been attempts to formulate rest
allowances and endurance times for jobs with awkward 
postures, involving considerable static work. Gorlett and 
Barbonis (1979) and Milner (1985) have produced data on 
this, but consider only a very limited number of postures.
Other work concerned with rest allowances for static
contractions has come from Freivalds et al (1979). They 
have used electromyography to study the reactions of
muscles performing static work. From their measurements
they formulated a model of muscle motor unit behaviour, 
the output from which they claim can be used to predict 
rest allowances for static exertions. Validations of the 
models ability to predict rest allowances are not 
reported.
3.2 Work study criteria.
Relaxation allowance tables have been used by work study 
engineers for many decades. These provide a quick and easy 
method of determining the necessary rest periods for a 
wide variety of jobs, and appear in various forms in work 
study texts (eg. Currie 1972). The general format of these 
is similar, and is typified by that produced by Currie 
(1972) as shown in table 2.2. Each worker is entitled to a
Table 2.2
Work Study Relaxation Allowance Table 
% of working time (after Currie 1972)
Basic minimum allowance
Physical strains allowance 
-light work 
-moderate work 
-heavy work
Posture allowance 
-standing 
-lying 
-crouching
10%
+
2-4%
5-10%
11-50%
2%
4%
5-10%
Other allowances
-mental workload 
-working environment
0- 10%
0-90%
basic minimum rest allowance of 10% of working time for 
personal needs. Percentage additions are then made to this 
figure for factors such as the intensity of the work, 
working posture, mental strains and working environment.
It is apparent that these relaxation allowance tables have 
very little scientific basis. No where in his text does 
Currie give any explanation as to the sources or 
derivations of the figures used in the table. Neither are 
there any justifications for why, for instance, a 
particular posture merits a particular recovery allowance. 
This was also the case for similar tables appearing in 
other work study texts (eg Heyde 1978)* It appears that 
the concept is derived from the original work of Taylor 
(1911) and the Bedeaux company in the 1920*s, and was 
developed by the Industrial Fatigue Research Board between 
the first and second world wars. Since then however, they 
seem to have undergone little change.
In recognition of this, Minter (1988) has recently 
produced a draft British Standard for recovery and 
relaxation times. This includes a relaxation allowance 
table which draws on the findings of more recent research, 
and is an attempt to provide a guidance document with a 
greater scientific basis than those previously produced.
Despite the fact that most of the current relaxation
allowance tables are based on work over half a century 
old, few studies have attempted to validate them 
scientifically. Hamley and Menneer (1982) reported on a 
series of experiments which looked at recovery 
requirements for a variety of tasks. They found that for 
simple dynamic tasks such as walking on a treadmill or 
cycling, the traditional allowances were adequate when
applied to "qualified” (or skilled) workers. Data on
other, more industrially applicable tasks, such as 
hammering nails or moving boxes had yet to be fully 
validated at the time of writing.
Other studies have also found that whilst the work study 
criteria were adequate for mainly dynamic tasks, they
tended to underestimate energy cost and recovery 
allowances for work with a higher static component, such 
as emptying dustbins (Moores 1970), carton handling 
(Aquilano 1968), and general industrial work (Belbin 
1957).
Part 4. Summary and conclusions
Manual load carriage is prevalent in all of the major 
industries. It has been shown to be the cause of a number 
of medical disorders, particularly of the back, and is 
responsible for a large number of lost working days each 
year. Aside from the pathologies it causes, manual load 
carriage can also produce pain and discomfort in many body 
regions.
Despite the fact that in the vast majority of industrial 
situations loads are carried in the arms infront of the 
body, most studies on the subject have only considered the 
effects of loads carried on the back. Furthermore the 
majority of these studies have only investigated the 
cardiovascular and metabolic costs of carrying loads. 
However there is a growing body of evidence to suggest 
that local muscle fatigue can be the limiting factor in 
the performance of such tasks.
A few studies have produced models to predict the 
metabolic or cardiovascular costs of carrying loads in the 
arms. However each of these is based on the responses to 
steady continuous load carriage. This makes them of 
limited applicability to industrial situations, in which 
loads are generally carried in an intermittent fashion,
over short distances. These models also require the input 
of information such as walking speed, or body weight, 
which may not be available to those wishing to apply the 
models in industrial situations. These models are 
therefore of limited practicality.
Manual load carriage contains a mixture of static and
dynamic muscular contractions. Although the the effects of 
these two types of work have been well studied separately, 
there is still some confusion regarding the responses to 
mixed static and dynamic work. A need for more fundamental 
research in this area has been identified.
This will be of particular relevance to the allocation of 
recovery allowances and work/rest cycles for industrial 
work. Previous physiological criteria for determining 
these have been based on mainly dynamic tasks, or on
purely isometric contractions. They therefore have limited
applicability to mixed static and dynamic tasks such as
load carriage.
The well established work study methods for determining
recovery allowances do appear to take some account of
static postural loading. However these have little
scientific basis, and few studies have attempted to
validate them.
The above points indicate that although manual load 
carriage is very prevalent, and has been so for a long 
time, there are still many areas within it which require 
further research. In particular there is a need for more 
studies of an applied nature, since it is the lack of 
applicability of past research to industrial tasks which 
has been a recurrent criticism throughout this review.
BASIS OF THE RESEARCH PROGRAMME.
In the review of the literature, several areas were 
identified which require further research. It was the aim 
of this study to address some of these areas.
One area requiring further investigation was the effect of 
the way in which a load is held in the arms. Thus the 
initial experimentation aimed to investigate this, in 
particular the importance of the precise placement of the 
load. Also brought to light in the literature was the lack 
of data on local muscle fatigue from load carriage tasks. 
A further aim of the initial experimentation was to 
investigate a pilot methodology for measuring fatigue in 
the arm muscles.
It was stated in the literature review that previous 
metabolic rate prediction models were of questionable 
applicability to the intermittent type of load carriage 
which occurs in industry. The aim of the next part of the 
thesis was to test this by validating these models against 
data from intermittent load carriage tasks.
Results from these initial studies were used to plan the 
main experimental block. The main aims of these 
experiments were to produce prediction models for 
repetitive load carriage, to further investigate the 
effects of load carriage on local muscle fatigue, and to 
provide data on the recovery patterns of oxygen 
consumption and heart rate following various load carriage 
tasks.
Having produced prediction models for oxygen consumption 
and heart rate, the aim of the final part of the study was 
to validate these against published data from the 
literature, and experimental data from a reconstructed 
load carriage task using a different group of subjects.
Chapter 3.
PRELIMINARY EXPERIMENTS
INTRODUCTION
It was apparent from the review of the literature, that 
the way in which a given load is carried can directly 
affect the physiological responses to the work. Gross 
differences in energy expenditure have been observed 
between carrying in the arms and on the back for instance 
(Datta and Ramanathan 1971). However there is evidence to 
suggest that the specific way in which a load is held in 
the arms will also have significant effects. For example 
Coury and Drury (1982) have shown that the position of the 
handles on a given load can influence the heart rate and 
subjective responses. Other studies have shown the 
importance of factors such as the elbow joint angle, and 
the position of the centre of gravity of the load (Mital 
and Ilango 1983, Morrissey and Liou 1988).
Despite this, the majority of past studies on load 
carriage in the arms have made little attempt to describe 
exactly how the load was held, or its characteristics. 
Amongst those guilty of this shortcoming are studies which 
have produced models to predict the physiological effects 
of carrying loads in the arms (eg Morrisey and Liou 1984, 
Taboun and Dutta 1984). The few studies which do describe 
how the load was held have generally used highly 
controlled modes, with specific elbow angles and hand
placements (eg Monod et al 1982, Randle 1984), rather than 
allowing the subject a free hand in how they hold the 
load.
The question arises therefore, as to the relative 
importance of how the load is actually held. Specifically, 
do the responses to these prescribed modes differ 
significantly from each other, and do they differ from a 
more realistic freely chosen mode ?
These questions have implications as to the applicability 
of the different laboratory studies to industrial load 
carriage tasks. They may also help to clarify whether 
carrying a load in the arms may be referred to as a single 
generic task, as most of the past studies have implied, or 
whether it is essential to state precisely how a load is 
held.
The possible effects of load carriage on local muscle 
fatigue was brought to light in the review of the 
literature. Also brought to light was the fact that there 
are a lack of systematic studies which have investigated 
this.
Assessing muscle fatigue usually involves the measurement 
of strength and endurance. These measures have a large 
motivational element associated with them, and as such are
prone to a high degree of variability (Caldwell et al 
197if-) • It is possible that the magnitude of this 
variability may mask any muscle fatigue effects due to the 
task conditions.
There is a need therefore to investigate the feasability 
of using measurements of isometric strength and endurance 
as indicators of local muscle fatigue in load carriage 
tasks.
Thus the two main aims of this experiment were to :
1. Investigate the responses to specific modes of load 
carriage in the arms, in comparison with freely chosen 
modes.
2. Develop and pilot a methodology for investigating 
local muscle fatigue in load carriage tasks.
METHODS
1. Procedure*
In this experiment four conditions were performed by each 
subject. Three in which a load of 25 kg was carried in the 
arms infront of the body in slightly differing ways, and 
one control in which no load was carried. The procedure 
for each o£ the four conditions was identical apart from 
the differing modes of load carriage, which are detailed 
in section 2 below.
After being instrumented and fully briefed, the subject 
sat quietly in a chair for 5 minutes for resting heart 
rate, oxygen consumption, and initial subjective measures 
(section 5.4, 5.5) to be taken. Next the subject performed 
the initial isometric tests as descibed in section 5.6 
below. Following these the subject was given 2 minutes to 
recover before commencing the load carriage task on a 
treadmill. The treadmill was level, and set at a speed of 
1 m.s-1 to simulate a typical industrial task. A load
weight of 25kg was used in each condition, representing a 
fairly heavy load typical of that carried in industry 
(Drury et al 1982). The subject was instructed to carry 
the load intermittently, i.e. to carry it for 30 seconds, 
then put it down and continue walking for a further 30 
seconds, in repeating cycles. This had the effect of
simulating a loading or unloading task. A clock placed 
infront of the subject gave the appropriate cues as to 
when to carry and when to walk. When not being carried the 
load was placed on a shelf infront of the subject. This 
was individually adjusted to a height of 10cm above 
standing knuckle height, to minimise the distance which 
the load needed to be picked up and put down. Plate 3 
illustrates a subject placing the load on the shelf on the 
treadmill.
The load carriage task was performed for 15 minutes. This 
was sufficient time to allow physiological equilibration 
to the workload, and was the duration used in the 
experiments of Monod and co-workers (Monod et al 1985). 
Pilot experiments also showed that it was long enough to 
produce some degree of local muscle fatigue. Immediatly 
following the 15 minutes on the treadmill the subjects 
completed the final subjective measures, and then repeated 
the battery of isometric tests, exactly as before.
2. Modes of load carriage.
Of the 3 load carriage conditions, 2 involved holding the 
load in very controlled and specific ways, reproducing 
methods used in past load carriage studies (eg Monod et al 
1985, Randle 1984). The other was a ’freestyle* condition,
in which the subject was free to hold the load as they 
chose.
The two controlled modes of load carriage were chosen 
because, although they were both ’two hand in front of 
body’ styles, they were noticably different. They had also 
been described in sufficient detail to reproduce 
accurately, as detailed below. Furthermore they had been 
used in a number of experiments by their respective 
authors, and used as the basis for reccomendations on 
bimanual load carriage.
2.1 ’Monod’
The mode of load carriage used by Monod and co-workers in 
serveral studies (Evans et al 1983, Zerbib et al 1983, 
Monod et al 1985, Monod 1985) utilised a cardboard carton 
35cm long, 27cm wide and 31cm high. Subjects were 
instructed to carry it in the following way :
(i) walk upright, leaning neither foreward nor back
(ii) hold the load with the elbows flexed at between 110° 
and 1200.
(iii) hold the box from below, without the thumbs 
protruding onto the front surface.
(iv) do not let the forearms touch the box.
A photograph was included in one paper (Evans et al 1983), 
which aided in the exact replication of this task.
This very specific mode was followed as closely as 
possible. A cardboard box of the prescibed dimensions was 
used, with the weight placed at its centre of gravity. To 
help the subjects maintain the correct stance, the 
experimenter kept a close watch requesting adjustments in 
the way the box was held if necessary. The desired degree 
of elbow flexion was calibrated on each subject prior to 
each run, using a goniometer. A piece of tape was attached 
to the subjects chest level with the top of the box when 
it was held with the correct degree of elbow flexion. This 
gave a quick visual check that the desired angle was 
maintained. Plate 1 shows a subject carrying the load in 
this condition.
2.2 ’Randle*
The method used in the previous studies of the present 
author (Randle 1983, Randle 1984) utilised a purpose built 
steel pallet, 50cm long and 25cm wide, with a handle at 
either end. This was held with the elbows flexed at 90° 
and the base of the pallet parallel to the floor, as shown 
in plate 2. No other constraints were specified, although 
the nature of the task ensured that there was minimal 
variation in the posture adopted by the subjects.
Plate 1
Subject carrying the load in the ’Monod* condition
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Plate 2
Subject carrying the load in the ’Randle’ condition
2.3 ’Freestyle1
In the ’freestyle* condition, the subjects carried the 
same box as in the Monod condition. The only constraint as 
to how it was held in this condition, being that it must 
be in both hands infront of the body. A simple 
observational technique was used to record how the 
subjects actually chose to hold the load. A stick diagram 
was drawn indicating the hand positions on the box, the 
orientation of the box, and the approximate elbow angle of 
each arm. Still photographs were also taken to aid with 
the recording. Any changes in strategy during the 
experimental session were noted, together with the 
duration that each different technique was used.
2.4 Control.
The control condition consisted of walking on a treadmill 
at the same speed as in the other conditions (lm.s-1), and 
for the same length of time (15 min.). However no load was 
carried for the duration of the walk.
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3. Experimental Design*
A randomised full factorial experimental design was used, 
which is detailed in table 3.1. The subjects performed 
each of the four conditions at the same time of day, on 
four different days.
4. Subjects.
Twelve male subjects were used, all of whom were 
reasonably fit and physically active. Their physical 
characteristics are given in table 3.2.
5. Measurements.
5.1 Heart Rate.
Heart rate was measured by means of an ECG telemetry 
system (Simonsen and Weel) linked to a single channel 
chart recorder, giving a continuous output of cardiac 
frequency. This system was calibrated with an electronic 
ECG simulator. Three electrodes were placed on the chest 
of the subject, at the midsternal, hepatic and splenic 
sites, to minimise noise from myoelectric activity (plate 
3) .
Table 3.1
Experimental Design -Preliminary Experiment
Sub Condition no.
No. 1 2 3 4
1 C R F M
2 F R C M
3 R F M C
4 M R F C
5 C F M R
6 M R C F
7 M R F C
8 F R C M
9 F C M R
10 R M F C
11 M C R F
12 F R M C
M = *Monod1 condition 
R = *Randle* condition 
F = Freestyle condition 
C = Control condition
Table 3.2
Physical characteristics of subjects, n=12.
x sd Range
Age (years) 30.3 7 22-45
Height (cm) 178.4 7.2 163-190
Weight (kg) 71.9 11.6 53.9-89.1
Elbow Flexion
strength (kg) 34.0 6.8 26.0-47.1
Grip strength (kg) 42.9 12.4 33.5-57.5
Plate 3 
ECG electrode attachment
5.2 Oxygen consumption.
Oxygen consumption was measured by means of collecting the 
subjects* expired air for a two minute period in douglas 
bags. At the end of the experiment these were analysed for 
oxygen and carbon dioxide content, and gas volume, 
temperature and pressure.
Oxygen content was measured using a Beckman 0M11 gas 
analyser, and carbon dioxide content using a Beckman LB2. 
A sample of the expired air was pumped directly from the 
douglas bag to the gas analysers, for a 30 second period. 
This allowed sufficient time for a stable reading to be 
achieved. The expired air volume was then measured by 
evacuating the douglas bag through a dry gas meter, which 
had previously been calibrated with a 1 litre precision 
syringe. A thermometer within the dry gas meter measured 
the expired air temperature, and the atmospheric pressure 
at the time of the experiment was taken from a mercury 
barometer. The expired air volume was then corrected for 
the volume sampled by the gas analysers, and converted to 
standard temperature and pressure. Oxygen consumption was 
then calculated using the formulae given in Passmore and 
Durnin (1967).
Expired air collections were made at rest before 
commencing the treadmill work, and then between the 5th
and 7th, and the 13th and 15th minutes of each 
experimental session.
5.3 Perceived exertion.
Subjective ratings of perceived exertion (RPE) were taken 
using the 15 point Borg (1970) scale. Subjects were 
familiarised with the scale prior to the experiments. On 
each occasion this measure was taken the subjects were 
asked "How hard are you working at this moment?" This 
measure was taken on the 1st, 7th and 14th minute of each 
run.
5.4 Subjective fatigue.
The subjects were also asked to rate "How tired do you 
feel at this moment?" This was asked immediatly before and 
immediatly after the treadmill work. Responses were 
recorded by asking the subjects to mark a place on a 10cm 
line labelled "Not at all tired" at one end and 
"Completely exhausted" at the other.
5.5 Regional pain/discomfort.
Feelings of localised pain or discomfort experienced 
during the experiment were recorded using a method adapted 
from that of Corlett and Bishop (1976). Ratings were taken
immediatly before and after the treadmill work. The 
subjects were asked to point to any areas in which they 
experienced pain or discomfort, on the diagram shown in 
figure 3.1. They were then asked to rate the severity of 
the discomfort on a 10 point annotated scale (fig 3.2).
5.6 Isometric measures.
The assessment of local muscle fatigue was conducted by 
measurements of isometric strength and endurance. Giving 
consideration to the task in question, carrying a heavy 
weight in the arms, the investigation was restricted to 
looking at hand grip (finger flexion) and elbow flexion.
To assess the degree fatigue in the handgrip and elbow 
flexor muscles, measurements of maximum isometric strength 
and submaximal endurance time were taken before and again 
immediatly after the load carriage task on the treadmill. 
Thus any changes in strength or endurance could be 
calculated, and compared across the four conditions.
5.6.1 Measurements of strength and endurance.
The necessity for using a standard technique for measuring 
isometric strength was discussed in chapter 2. One 
particular aspect which was brought to light in the
Figure 3*. 1
Regional Discomfort Chart
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Figure 3.2
Regional Discomfort Rating Scale
1 COMFORTABLE
2
3 SLIGHTLY UNCOMFORTABLE
4
5 UNCOMFORTABLE
6
7 VERY UNCOMFORTABLE
8
9 UNBEARABLY UNCOMFORTABLE
10
L__________ ■
literature was the need to standardise posture whilst 
testing (Caldwell et al 1974) .
To achieve this in the present study, a purpose built 
adjustable rig was developed. This allowed a predetermined 
fixed posture to be achieved by all subjects during the 
measurement of isometric strength and endurance.
5.6.2 Design and development of the isometric rig.
The initial design utilised a standing position with 
little in the way of physical restraint. However after 
some pilot work it was found to be very difficult to 
maintain a fixed standing posture with nothing to brace 
against. Therefore a seated position was used, which fixed 
the subject in the appropriate posture much more 
effectivly. The final design of the adjustable rig is 
shown in plates 4 and 5.
The elbow flexion measurements were made on the right arm 
only. The subject placed his elbow on the padded support, 
and pulled up on the isometric dynamometer. Both the elbow 
support and the dynamometer attachment were adjustable so 
that the subject could sit with his elbow at 90° and his 
forearm parallel to the floor. The dynamometer attachment 
consisted of a broad metal loop, which was well padded on 
the inside surface. The subject put his hand through the
/ /
Plate 4
Isometric strength and endurance rig - front view
/ o
Plate 5
Isometric strength and endurance rig - side view
loop, with the wrist in a neutral position (ie midway 
between pronation and supination, with the thumb 
uppermost). The hoop was placed over the radial styloid, 
and the subject pulled upwards on the dynamometer in this 
position. A closeup of this is shown in plate 7.
This arrangement was used because it avoided the 
involvment of the wrist joint in the elbow flexion 
testing. The initial design involved the subject gripping 
a handle attached to the dynamometer. However it was found 
in pilot studies that fatigue or discomfort in the wrist 
became the limiting factor, not fatigue in the elbow 
flexor muscles as desired.
The isometric dynamometer consisted of a load cell 
(Novatech F201) with a linear response up to 100kg. The 
output from this was amplified and sent to a single 
channel pen recorder. The load cell was calibrated by 
hanging steel weights (5-80kg) from the metal loop.
The handgrip dynamometer was a purpose built device 
comprising of a solid aluminium block, with a hollow 
milled towards one edge. A strain guage bonded onto the 
inner aspect of this hollow was sensitive to very slight 
bending of the dynamometer as it was squeezed. The output 
was sent via a preamplifier to a pen recorder.
Plate 7
Wrist attachment - elbow flexion tests
‘ ■ -
When performing the handgrip isometric tests, the 
dynamometer was held in free space with the elbow flexed 
at 90°, and the forearm level with the floor. A guide rail 
on the isometric rig aided in the maintenance of this 
posture. Plate 8 displays a subject performing a handgrip 
maximum voluntary contraction.
The dynamometer was calibrated by clamping it to a frame, 
and placing a metal plate over the area which normally 
contacts the fingers. The area of the contact plate was 
similar to that of the hand when squeezing the 
dynamometer. Steel weights were then hung from the metal 
plate in 5kg increments, up to 75kg. A diagram of the 
calibration apparatus is given in figure 3.3. The results 
of the calibration are shown in figure 3.4, and indicate 
that the dynamometer has a linear response from 10-75 kg.
5.6.3 Procedure - Isometric measurements.
To avoid carryover fatigue effects, the handgrip 
measurements were performed with the left hand only and 
the elbow flexion using the right arm only, but the 
testing procedure was the same for both.
The strength measurements were performed using a procedure 
based on the guidelines of Caldwell et al (1974)» 
(summarised in chapter 2). Subjects were instructed to 
build up to a maximum force over the course of about a
O i.
Plate 8
Subject performing handgrip maximum voluntary contraction
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Figure 3.3
Handgrip Dynamometer Calibration Apparatus
Figure 3.4
Handgrip Dynamometer Calibration Results
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second (ie dont jerk), and then hold it there for the 
count of three. This was repeated three times in quick 
succession, without feedback of the results. It was not 
deemed necessary to leave the recommended two minutes gap 
between the three contractions, since pilot studies had 
shown no evidence of accumulating fatigue (ie a reduction 
in force), when performed in quick succession.
Furthermore the time constraints of the experiment made 
leaving such recovery periods undesirable. The peak value 
of each of the three contractions was noted, and maximum 
voluntary strength taken to be the average of the three. 
If any one peak was more than 10% diffferent from the 
others, it would be excluded from the calculation.
Following the measurement of maximum strength, the 
endurance measures were made. A value of 50% of maximum 
strength was used as the target force. A single channel 
chart recorder was placed infront of the subject, with a 
marker placed at the target force. The subject was 
instructed to apply the appropriate force to line the 
chart recorder pen up with the marker. This is illustrated 
in plate 9. Verbal encouragement was given throughout by 
the experimenter to maintain subject motivation. Endurance 
time was taken as the time from the start to when the 
subject either gave up, or could no longer hold the force 
to within 10% of the target value.

RESULTS
The emphasis of the analysis of the results was generally 
on the comparison between the ’Monod’, ’Randle* and 
freestyle conditions. Statistical comparison of these with 
the control condition was limited to the isometric 
measures.
The overriding pattern of the results was that the values 
for the *Monod* condition were the highest, followed by 
the ’Randle* condition, with the freestyle giving the 
lowest values of the three.
Heart rates.
Table 3.3 gives the mean heart rates for the four 
conditions. The heart rate data has been displayed in 
three ways.
(i) The overall mean value is the value obtained by 
averaging the heart rate over the full 15 minute 
experimental period. This was a little higher in the 
’Monod’ condition (115 bt.min"1) than the ’Randle’ 
condition (113 bt.min"1), but this difference was not 
significant. However both these conditions produced values 
significantly higher (p<0.05) than in the freestyle 
condition (105 bt.min"1).
(ii) It was noticed that there was a gradual upward drift
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Table 3.3 
Mean (sd) Heart rates - 
Preliminary Experiment (n=12)
CONDITION
Monod Randle Freestyle Control
Overall Mean 115 113 105 82
(18) (16) (17) (8)
Drift over 14.3 11.5 4.4 2
time (11.4) (5.8) (4.5) (2.2)
Walk/Carry 25 25 17 —
Amplitude (9.5) (10.8) (7.1) -
Significance of Difference Between Means
Monod vs Randle Monod vs Free Randle vs Free
Overall Mean
Drift over 
time
NS
NS
0.004
0.001
0.05
0.001
Walk/Carry NS 0.04 0.02
in heart rate during the course of each condition. This 
drift was measured by subtracting the heart rate during 
the first two minutes work from that during the last two 
minutes work. The results are also given in table 3.3. 
These mirrored the overall mean heart rates, with no 
significant difference between the ’Monod* and ’Randle* 
conditions, and both these being significantly higher than 
the freestyle (p<0.01).
(iii) On close analysis the heart rates showed a 
sinusoidal pattern over time, as represented in figure 
3.5. It appears that when the weight was carried the heart 
rate rose, and when it was released the heart rate fell. 
The amplitude of this sinusoidal pattern was large for 
both the ’Monod’ and ’Randle* conditions (25 bt.min-1),but 
significantly lower (p<0.05) for the freestyle (17 
bt.min-1).
Oxygen uptake (VO2 ).
The oxygen uptake results are presented as the mean of the 
two expired air collections on each run, and are given in 
table 3.4. As with the heartrates the ’Monod’ condition 
produced the highest, and the freestyle the lowest values. 
However the figures for all three conditions were 
reasonably similar. The statistical comparison is 
summarised in table 3.5, and indicates that the ’Monod’ 
condition produced values significantly higher than the
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Mean heart rate over time
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Table 3.4
Mean Oxygen Uptake Results - Preliminary experiment
Monod Randle
Overall Mean 21.1 20.4
(sd) (2.4) (2.1)
Freestyle Control
19.1 11.2
(3.8) (1.5)
(Overall mean = mean of both douglas bags in each run, n
y z
Table 3.5
Significance of Differences between Means - Oxygen Uptake.
Monod vs Randle Monod vs Free Randle vs Free 
Overall Mean 0.03 0.005 NS (0.06)
other two conditions, which did not differ significantly 
themselves.
Perceived exertion.
The perceived exertion results are tabulated in table 3.6, 
which gives the mean final rating for each condition. 
Again the *Monod* condition produced ratings significantly 
higher than the other conditions, which were not 
significantly different. The mean rating for the ’Monod’ 
condition was close to 15, which represents 'hard work’. 
The ratings in the other two conditions were 
12-13,representing moderately light - somewhat hard. 
Clearly the ’Monod* condition was perceived to be most 
physically stressful.
Fatigue ratings.
The fatigue ratings were calculated by subtracting the 
initial rating from the final one. The mean scores for the 
four conditions are given in table 3.7. As with the 
perceived exertions, the ’Monod’ condition produced 
ratings significantly higher than the other two, which did 
not differ themselves.
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Table 3.6
Mean Perceived Exertion Ratings - Preliminary experiment.
Monod Randle Freestyle Control
Mean 14.7 13.0 12.2 8.2
(sd) (1.3) (1.7) (1.9) (1.1)
(Mean of final rating given, n=12)
Significance of Differences between Means.
Monod vs Randle Monod vs Free Randle vs Free
Mean RPE 0.001 0.006 NS
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Table 3.7
Mean Fatigue Ratings - Prelimnary experiment
Randle Freestyle Control
22.8 18.3 4.1
(9.8) (12.9) (11.4)
(Rating = increase in tiredness score (final-initial rating), n=12) 
Significance of Differences Between Means.
Monod
Mean 31.2
(sd) (17.1)
Mean Rating
Monod vs Randle Monod vs Free Randle vs Free 
0.02 0.008 NS
Regional discomfort.
Reports of localised pain and discomfort are displayed in 
full in table 3.9. The summarised data are presented in 
table 3.8. This shows that the greatest number of reports 
of pain or discomfort occurred in the ’Monod* condition 
(22 reports), and the least in the freestyle (12 reports). 
It also shows that the severity of the discomfort was 
greatest in the ’Monod* condition (mean rating 2.16), and 
least in the freestyle (0.92). As can be seen from table 
3.9, all reports of discomfort in each of the three 
conditions occurred in the same four body regions. These 
were the upper arms, the lower arms, the hands and wrists, 
and the lower back. In the ’Monod* condition high levels 
of discomfort were reported in both the upper and lower 
arms. In the ’Randle’ condition it was chiefly in the 
upper arms, and in the freestyle mainly the lower arms.
Isometrics.
The results of the isometric measurements are divided into 
two sections. The first describes the results of the 
strength and endurance measures independently of the 
different task conditions. The second section describes 
the effects of the different task conditions on the 
isometric measures.
Table 3.8
Regional Discomfort Results (final rating) - Summary Table.
Condition
Monod
Randle
Freestyle
Body Region______ Mean Rating__No. Giving
(n = 12) Rating (n/12)
Upper arm 3.33 8
Lower arm 3.00 7
Hand/Wrist 1.80 5
Lower Back 0.50 2
Mean 2.16
Tot 8.63 22
Upper arm 3.25 10
Lower arm 0.66 2
Hand/Wrist 0.66 2
Lower Back 0.25 1
Mean 1.21
Tot 4.82 15
Upper arm 0.75 3
Lower arm 1.17 4
Hand/Wrist 1.08 3
Lower Back 0.66 2
Mean 0.92
Tot 3.66 12
Control
Nil reported
Table 3.9
Regional Discomfort Ratings 
- Preliminary Study
Cond. Monod Randle Freestyle
Sub. Area Rating Area Rating Area Ratin
1 UA/LB 3/3 LB 3 LB 3
2 UA/LA 7/7 UA 5 LA 2
3 LA 5 UA 1 UA 2
4 LA/H/LB 3/3/3 - - H/LB 5/5
5 LA 6 UA 3 LA/H 5/5
6 UA 7 UA 7 - -
7 UA/LA 3/3 UA 3 UA/LA 4/4
8 UA/LA/H 6/6/7 UA/LA/H 5/5/5 UA/LA/H 3/3/3
9 UA/H 6/3 UA 3 - -
10 UA/LA/H 5/6/6 UA 6 - -
11 UA/H 3/3 UA/H 3/3 - -
12 UA 3
UA = upper arm 
LA = lower arm 
LB = low back 
H = hand/wrist
1. Results of the isometric measures independent of task
conditions.
1.1 Inter-subject variability.
The most notable aspect of the isometric measures at first 
glance was the high degree of inter-subject variability. 
Table 3.10 gives the mean between subject coefficients of 
variation, for the initial strength and endurance scores. 
These figures are derived from the individual means and 
standard deviations given in table 3.12. As can be seen 
the variability between the different subjects is high for 
all measures, but more so for endurance time than absolute 
strength.
The isometric measures referred to below are expressed as 
the difference between the initial and final scores in 
each condition. However due to the high degree of 
intersubject variability, it was necessary to normalise 
these figures in order to compensate for the large 
differences in absolute scores. They are therefore 
expressed as percentage not absolute change.
The second most apparent feature of the isometric measures 
was that despite the relatively short duration of the load 
carriage tasks, there were marked decrements in both
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Table 3.10
Between subject Coefficients of Variation (%)
Strength Endurance
Handgrip 18.6 28.3
Elbow flexion 24.5 27.9
Table 3.12
Mean Initial Isometric Strengths 
and Endurance Times
HANDGRIP STRENGTH (Kg)
Sub. X s «d. C of
1 39.2 1.4 3.6
2 53.6 1.9 3.1
3 44.8 5.8 12.8
4 46.4 1.4 2.4
5 59.2 1.4 2.4
6 32.8 0.6 1.9
7 38.4 1.8 4.7
8 37.6 1.1 2.9
9 32.8 2.6 8.0
10 62.4 2.6 4.1
11 32.8 2.2 6.5
12 30.4 2.4 7.8
x 42.9 x 5.1
sd 12.4 sd 3.0
Sub
HANDGRIP ENDURANCE 
. x s . d .
TIME
C
<s)
! Of
1 148 27.9 18.9
2 71 4.6 6.4
3 75 3.3 4.4
4 81 6.8 8.4
5 91 9.2 10.1
6 89 13.2 13.4
7 63 12.1 19.2
8 72 7.9 10.9
9 58 5.8 10.0
10 67 5.2 7.7
11 91 11.1 12.3
12 90 10.0 11.1
x 83.0 X 11.1
sd 22.5 sd 2.8
C of V = Coefficient of Variation
Table 3.12 cont.
ELBOW FLEXION STRENGTH (kg) 
Sub._____ x______ s.d._______C of V
1 34.9 3.2 9.0
2 47.1 4.5 9.6
3 35.2 1.7 4.8
4 37.6 0.9 2.3
5 40.5 1.4 3.3
6 40.0 3.6 8.9
7 31.0 1.1 3.4
8 26.0 1.6 6.5
9 31.0 1.1 3.4
10 32.3 3.2 9.8
11 27.3 0.5 1.9
12 26.0 2.0 7.6
X 34.0 x 5.9
sd 6.8 sd 2.8
ELBOW FLEXION ENDURANCE TIME (s)
Sub. X s .d. C of
1 144 18.7 9.5
2 69 4.0 5.7
3 81 13.3 16.3
4 92 15.4 16.7
5 85 10.6 12.4
6 76 6.1 8.0
7 99 18.8 18.9
8 63 14.7 23.3
9 83 15.3 18.4
10 53 4.8 9.0
11 75 10.0 7.5
12 59 14.3 24.2
x 81. 6 x 14.2
sd 22. 5 sd 6.1
C of V = Coefficient of Variation
strength (4-22%), and endurance (3-37%). These decrements 
were in general greater for elbow flexion than handgrip, 
and showed a bigger relative change in endurance time than 
maximum strength. The full results of the isometric 
measures are given in table 3.14.
1.2 Within-sub.iect variability.
The day to day variability of the isometric measures for 
each individual is given in table 3.12. The coefficients 
of variation are for the initial strengths and endurance 
times over the four experimental days. These figures 
indicate the extent of natural day to day variation in the 
measures regardless of any treatment effects. As can be 
seen this is much greater for endurance time (11-14%) than 
for maximum strength (5-6%).
1.3 Intercorrelations.
Table 3.13 displays the correlation coefficients between 
all the isometric measures. The association between these 
measures appears to be generally very low. There were no 
significant correlations between handgrip and forearm 
flexion strength, handgrip strength and handgrip 
endurance, or forearm flexion strength and endurance. The 
only significant correlation was between endurance time
Table 3.13
Intercorrelations - Isometric Strength and Endurance Decrements
r =  P =
Handgrip strength vs Elbow Flexion Strength 0.31 NS
Handgrip Endurance vs Elbow flexion Endurance 0.64 0.01
Handgrip Strength vs Handgrip Endurance 0.38 NS
Elbow Flexion Strength vs Elbow Flexion Endurance 0.42 NS
Combined Handgrip and Elbow Flexion Strength
vs
Combined Handgrip and Elbow Flexion Endurance 0.55 0.04
for handgrip and forearm flexion, although although at 
r=0.64 this was not particularly high.
1.4 Training and cumulative fatigue effects.
Possible effects of performing maximal contractions on a 
number of occasions could be to increase strength or 
endurance (training), or to produce fatigue which carries 
over from one occasion to the next. To test whether either 
of these had occurred, the initial strength and endurance 
scores over the four experimental occasions were tabulated 
in the order in which they were performed. The results are 
given in table 3.15. It can be seen that there are no 
consistent upward or downward trends over the four 
occasions. Analysis of variance showed no differences 
between the four occasions, confirming that there were no 
significant training or cumulative fatigue effects.
2. The effect of the different task conditions on the 
isometric measures.
As table 3.14 shows, the results of the isometric measures 
produced a similar pattern to the other variables. The 
decrements in strength and endurance were generally 
greatest in the 'Monod* condition and least in the 
freestyle. The statistical comparison of the three load 
carriage conditions is given in table 3.16.
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Table 3.14
Mean (sd) Isometric Strength and Endurance Decrements 
in the Different Task Conditions.
Monod Randle Freestyle Control
Handgrip Strength 16.2 3.5 6.5 -1.1
(12.1) (12.0) (6.7) (9.9)
Handgrip Endurance 22.5 14.3 2.5 -5.3
(27.6) (23.4) (26.6) (26.6)
Elbow Flexion Strength 22.3 12.0 7.1 4.1
(12.5) (8.5) (7.8) (4.7)
Elbow Flexion Endurance 32.3 36.7 9.8 -0.3
(29.2) (20.9) (21.9) (13.9)
(Figures expressed as percentage decrements in maximum isometric 
strength and submaximal endurance time, n=12)
Statistical Comparison of Task Conditions with Control Condition.
Monod vs Control Randle vs Control Free vs Control
Handgrip 0.01 NS NS
Strength
Handgrip 0.03 NS NS
Endurance
Elbow Flexion 0.001 0.03 NS
Strength
Elbow Flexion 0.004 0.001 NS
Endurance
X \J f
Table 3.15
Isometric Strength and Endurance - 
Training and Cumulative Fatigue Effects
Training Effect
Run Handgrip Handgrip Elb.Flex Elb.Flex
No.________  Strength_____Endurance_______ Strength_____ Endurance
1 46.7 92.3 33.6 103.6
2 43.2 80.8 34.6 87.0
3 40.2 92.2 33.3 87.3
4 41.9 105.4 34.9 89.0
Figures are the mean initial strengths and endurances, 
presented in the order in which the conditions were performed.
Cumulative Fatigue Effects
Run Handgrip Handgrip Elb.Flex Elb.Flex
No.__________Strength____ Endurance________ Strength_____ Endurance
1 cn • 00 12.3 5.0 36.3
2 4.2 3.7 10.2 26.2
3 2.7 8.8 6.2 15.5
4 -0.8 20.4 4.2 23.8
Figures refer to mean percentage decrements t
presented in the order in which the conditions were performed.
Table 3.16
Statistical Comparison of Isometric Measures 
Between the Task Conditions
Monod
vs
Randle
Monod
vs
Freestyle
Randle
vs
Freestyle
Handgrip Strength *
Handgrip Endurance NS
Elb.Flex Strength **
Elb.Flex Endurance NS
*
*
**
*
NS
NS
NS
**
* = p<0.05
** = p<0.01
NS = not singnificant
2.1 ’Monod’ condition.
The ’Monod* condition produced large decrements in all 
four isometric measures. Despite the high degree of 
variability these were all significantly greater than the 
decrements in the control condition. The fatigue was 
particularly pronounced in the elbow flexors, with an 
average 22% reduction in strength, and 32% reduction in 
endurance time.
2.2 ’Randle* condition.
The ’Randle’ condition also produced highly significant 
reductions in elbow flexor strength and endurance. The 
decrement in elbow flexor strength was less marked than in 
the ’Monod’ condition, at 12% (p<0.05), but the decrement 
in endurance was slightly greater at 37%. Unlike the Monod 
condition however, the decrements in handgrip strength and 
endurance were relatively small, and not significantly 
greater than the controls.
2.3 Freestyle condition.
The freestyle condition produced very little change in the 
strength and endurance of either the handgrip or elbow 
flexors. Although small decrements were recorded for all
measures, none of these were significantly greater than 
the controls.
2.4 Control condition.
The results for the control condition are included in 
table 3.14. Although, as with the other conditions, the 
variability in response was quite high, there was on 
average very little difference between the initial and 
final scores in the control condition. There was in fact a 
slight increase in handgrip strength and endurance, and 
elbow flexion strength after the treadmill walk. These are 
indicated by the negative figures in table 3.14.
The overall effect of the three load carriage conditions 
is summarised in table 3.14, which shows the statistical 
comparison of each of these with the control condition. 
The *Monod* condition was the most severe, causing 
significant reductions in the strength and endurance of 
both the handgrip and elbow flexors. The *Randle* 
condition caused significant reductions in the strength 
and endurance of the elbow flexors, but had little effect 
on handgrip. The freestyle condition caused no 
significantly greater fatigue than occurred in the control 
condition.
Freestyle load carriage strategies.
The freely chosen mode of carrying the box was remarkably 
similar for all subjects. This is illustrated in plate 10, 
and characterised by the following features:
(i) Straight arms, ie no elbow flexion at all.
(ii) Box clasped to the body,with a large area of contact.
(iii) Slight rearward lean.
(iv) Box held at, or very close to, the far bottom 
corners.
(v) Symmetrical grip, with both arms in the same position.
The main variation in technique between the subjects was 
in the exact hand position, clasping either the underside 
or the front edge of the box (figure 3.6). Subjects were 
reminded at the very beginning of the freestyle condition 
that they could hold the load exactly as they wanted, and 
were free to explore alternative strategies throughout. 
However very few did actually attempt to hold the box in 
any other was than that described above. Those that did 
try alternatives, reverted to the straight arm carry 
within 3-4 minutes.
112
Plate 10
Subject carrying the load in the freestyle condition
1 1 J
Figure 3.6
Alternative Hand Positions 
- Freestyle Condition
- Underside of box
- Front edge of box
DISCUSSION
Analysis of how the load was held in the freestyle 
condition showed that the freely chosen mode differed from 
those prescribed in the previous studies of *Monod* and 
’Randle*. The fact that the freestyle condition produced 
the least stress shows that the subjects were able to find 
the most comfortable and efficient means of carrying the 
load.
The style of carrying prescribed by Monod and co-workers 
was obviously designed to cause a high degree of strain. 
Guidelines based on this style of load carriage are likely 
to be rather conservative. The subjects also found it 
unnatural and difficult to maintain, needing constant 
reminders to produce the required posture. None of the 
twelve subjects said they would carry an object in that 
way, given any choice. However it is conceivable that a 
similarly awkward style of carriage may become necessary 
under certain circumstances.Drury and Pizatella(1983)and 
Morrissey and Liou (1988) have shown that the poor siting 
of handles on some industrial cartons can cause them to be 
carried with bent arms, in order to clear the legs. This 
also restricts the contact area between the box and the 
body, increasing the effective load on the hands. This is 
likely to be a somewhat rare scenario though, since a 
large scale survey of industrial box handling found that
only around 4% of the boxes encountered contained handles 
(Drury et al 1983).
In the present experiment a load of 25kg carried by the 
*Monod* method produced a high degree of local muscle 
fatigue, and considerable discomfort in the upper limbs. 
In the original studies the authors reported using loads 
of up to 40kg carried in this way, for a similar duration 
(’Monod* et al 1985). The results of this study suggest 
that at these very high weights, the discomfort and 
fatigue in the arms would be excessive, and the 
predominant feature of the responses to the task. However 
the authors only report the cardiovascular and metabolic 
responses, which appear rather less informative about the 
subjects ability to perform this particular task.
Unlike most of the other measures, the difference in 
oxygen uptake between the three conditions was relatively 
small. This indicates its lack of sensitivity in detecting 
the size of the static work component in a task, a point 
made previously by others (Grandjean 1980, Randle 1988). 
It also underlines the weakness of using metabolic rate as 
the sole criterion for determining recovery allowances in 
jobs with a large static component, such as manual 
materials handling.
There were large differences in the heart rate response 
between the conditions. This appears much more sensitive 
to the degree of strain incumbent in the task than oxygen 
uptake. The sinusoidal pattern of heart rate, shown in
figure 3.5, has also been noted by others in a study of 
repetitive load carriage (Evans et al 1983). The heart 
rate appears to rise whilst the box is being carried, and 
fall immediately the box is put down. Despite starting 
from differing values, the heart rates at the end of the 
walking phase levelled off to very similar levels: 104
bt.min-1 in the *Monod* condition; 100 bt.min-1 in the 
*Randle* condition; and 98 bt.min-1 in the freestyle. 
These did not differ significantly. This suggests that the 
differences in overall mean heart rate are caused almost 
entirely by the carrying phase of the task.
The ratings of regional discomfort showed a similar
pattern to the other variables. In particular they
appeared to mirror the isometric measures. For instance 
the ratings of discomfort in the *Monod* condition were 
relatively high in both the upper and lower arms, which
mirrored the significant fatigue in both handgrip and
elbow flexors. In the * Randle* condition discomfort was
reported in the upper arms but not the lower arms.
Likewise significant isometric fatigue occurred in the 
elbow flexors but not the handgrip. In the freestyle 
condition the reports of discomfort were quite low in both
the upper and lower arms, as was the degree of isometric 
fatigue produced. It appears from these results that the 
association between detectable levels of muscle fatigue 
and feelings of localised discomfort is strong. This has 
been demonstrated previously using electromyographic 
criteria to detect muscle fatigue (eg Aaras and Westgard 
1978), but not previously using functional measures of 
fatigue as used in the present study. These results have 
implications for the use of subjective ratings in 
industrial situations.
Despite the high degree of variability, both within and 
between subjects, the isometric measures did prove to be 
of use. The decrements in strength and endurance were 
sufficiently large to distinguish between the conditions. 
The biggest decrement was in elbow flexion endurance time. 
This was reduced by around a third in both the *Monod* and 
*Randle* conditions, but was not significantly reduced in 
the freestyle or control conditions. These results could 
be explained by the fact that in the *Monod* and * Randle* 
conditions the load was carried with a marked degree of 
elbow flexion. In the freestyle condition the load was 
carried with straight arms, hence no fatigue in the elbow 
flexors. In a comparison of straight vs flexed arm load 
carriage, Morrissey and Liou (1988) found that subjects 
chose a significantly lighter maximum acceptable load if 
it had to be carried with bent arms.
Handgrip strength and endurance was significantly reduced 
in the *Monod* condition, but not in the *Randle* or 
freestyle condition. This may be explained by differences 
in the type of grip used. The precise manner in which the 
box had to be held in the *Monod* condition enforced the 
use of a flat palmer grip to support the load. The 
restricted use of the thumb meant that all the weight of 
the box was taken on the fingers. In contrast the grip 
used in the *Randle* condition was fully opposed, being 
much stronger and more stable. In the freestyle condition 
the subjects tended to cup their hands around the bottom 
corners of the box, holding it firmly against their 
bodies. This, together with having a slight rearward lean, 
and being able to grip the box with the forearms meant 
that the effective weight taken on the fingers was 
somewhat less than in the *Monod* condition. Studies by 
Drury (1980), Deeb et al (1985) and Morrissey and Liou 
(1988) have also reported a reduction in strain when the 
hand position on a container allows it to be held against 
the body.
GENERAL CONCLUSIONS
The precise way in which a load is carried in the arms had 
significant effects on the responses to the work.
The method of carrying used by Monod and co-workers 
produced greater strain than the method used by Randle. 
Both these methods produced greater strain than carrying 
in a freestyle mode.
Measurements of isometric strength and endurance were 
prone to high degrees of variation. However they were 
still sensitive enough to show differences between the 
conditions.
There was a strong association between isometric muscle 
fatigue, and reports of localised pain or discomfort.
Conclusions regarding subsequent research.
It is clear that the way in which a load is carried is an 
important variable. It should therfore be reported exactly 
how the load is held in all studies of bimanual load 
carriage.
Given a free hand, subjects did not choose to hold the 
load in the way prescribed in the studies examined. 
Therefore for maximum applicability to real life 
situations, the subjects should not be constrained in how 
they carry the load. This is unlikely to increase the 
variability in response, since there appears to be a high 
degree uniformity in the freely chosen mode.
The measures of isometric strength and endurance proved 
useful in detecting local muscle fatigue. They are 
therefore worthy of further development. Despite the fact 
that the different measures showed similar patterns, the 
correlation between them was rather low.There is little 
justification therefore in excluding any of the four 
measures in subsequent experiments. However it would be 
desirable to attempt to reduce the high degree of 
variability, particularly in endurance time.
Chapter 4.
PREDICTING THE METABOLIC COST OF 
INTERMITTENT LOAD CARRIAGE.
INTRODUCTION
The amount of energy expended in performing occupational 
tasks has been of interest to ergonomists and work 
physiologists for many decades. Many studies have shown 
that the strain imposed by physical work, and the length 
of time for which it can be endured, is related to the 
amount of energy expended in its performance (eg Astrand 
1960, Muller 1960). This relationship has been used to 
make recommendations on working times and relaxation 
allowances for industrial work (eg Spitzer 1951, Murrel 
1965). It is therefore both useful and necessary to be 
able to estimate energy expenditure for particular tasks.
Passmore and Durnin (1967) and Astrand and Rodahl (1977) 
have published tables of measured and estimated metabolic 
rates for various jobs. However these are generally 
classified under fairly gross headings such as * light 
industrial work* or * lumbering* , and are expressed either 
as a range of values, or the figure for an * average* 
worker. They therefore give a very limited, indication of 
what the metabolic rate for an individual performing a 
specific task would be.
For this reason a number of authors have produced 
equations, or models, to predict energy expenditure for
various tasks on an individual basis (eg Minter 197 0, 
Aberg et al 1968). A few of these were specifically 
designed for materials handling tasks, such as repetitive 
lifting (eg Mital et al 1984, Ayoub 1978).
However on searching the literature, only four equations 
were identified which predict metabolic rate for carrying 
loads in the arms, as commonly occurs in industry. These 
were produced by Givoni and Goldman (1971), Garg et al 
(1978), and two by Morrissey and Liou (1984).
A close examination of these studies revealed that in each 
case, the equations were based on the metabolic responses 
to steady continuous load carriage. That is, the subjects 
carried the load continuously for some time without 
stopping, pausing, or releasing the load from their arms. 
Although this may simulate certain military activities, it 
is not an accurate representation of industrial load 
carriage tasks. It has been shown that in industry loads 
are carried intermittently, over short distances, and 
usually involving a return trip empty handed (Drury et el 
1982) .
Thus a question is raised as to the applicability of these 
models, which are based on steady continuous load 
carriage, to the repetitive intermittent type of load 
carriage which occurs in industry.
The aims of this study were therefore to:
1. Test the accuracy of the four models for load carriage 
in the arms, in describing the metabolic cost of an 
intermittent load carrying task.
2. To compare the values predicted by the four different 
models under a given set of conditions.
METHODS
Data collection.
For the purposes of the proposed comparison, metabolic 
rate data were collected from two load carriage studies 
previously conducted by the author. Both consisted of 
subjects walking on a treadmill carrying a load in their 
arms in front of the body. In each case the load was 
carried intermittently. That is, the load was carried for 
30 seconds, and then the subject walked without it for a 
further 30 seconds, in repeating cycles. This was designed 
to simulate a loading or unloading task.
The first study (study I) was the preliminary experiment 
in this thesis, as described in the preceeding chapter. To 
recap briefly:
Twelve subjects undertook 3 experimental conditions. These 
consisted of carrying a fixed load of 25kg in the arms, in 
slightly differing ways. Walking speed was kept at a 
constant 1 m.sec-1, and the treadmill was level. The work 
was performed for a total of 15 minutes, to allow 
sufficient time for physiological equilibration to the 
work.
The second study (study II) was that described in Randle 
(1984). Each of 8 male subjects carried a load weighing 
25% of their body weight (18-23 kg) in a steel pallet 
similar to that displayed in figure 3.2. This was 
performed at 2 workrates, equivalent to 25% and 50% of 
each subjects V C > 2 m a x .  V O  2 m a x  had previously been 
determined by uphill treadmill running. The desired 
workrate was achieved by adjusting the speed (0.83-1.67 
m.sec-1) and gradient (6-11%) of the treadmill for each 
subject in either condition. Subjects worked for 10 
minutes to allow sufficient time for metabolic rate to 
equilibrate.
Thus data was collected from 12 subjects performing 3 
conditions in study I, and 8 subjects performing 2 
conditions in study II. This gave a total of 52 seperate 
observations of intermittent load carriage.
In both studies oxygen consumption was measured by 
collecting the subjects expired air in Douglas bags, for 
the last 2 minutes of work. Gas volume was measured with a 
dry gas meter, and gas composition using Beckman analysers 
in a similar method to that described in chapter 3.
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Subjects.
The subjects used in both studies were male, and were 
reasonably young and healthy. The physical characteristics 
of those used in study I are given in table 3.2, and those 
used in study II in table 4.1.
The models.
Four different metabolic rate prediction models were 
studied.
Model 1 (G&G) was that proposed by Givoni and Goldman
(1971), with the additional *+M* factor for loads carried 
in the hands. The form of the model is as follows:
M = (0.015L2v 2) +n(W+L)(2.3+0.32(v-2.5)1•65
+G(0.2+0.07(v-2.5)))
Where: M = Metabolic rate (kcal.hr-1)
v = Walking speed (km.hr-1)
L = Load weight (kg)
W = Body weight (kg)
G = Treadmill gradient (%)
n = Terrain factor (treadmill = 1)
As can be seen this model gives a prediction of metabolic 
rate in kilocalories per hour, based on measurements of
I z o
Table 4.1
Physical characteristics of subjects in study II (n=8)
Mean S.D
Age (years) 24.5 2.3
Height (cm) 173.6 6.2
Weight (kg) 71.8 3.0
lead weight (range 0-70kg), subjects body weight, walking 
speed (0.69-2.5m.sec-1), gradient (0-25%), and the 
characteristics of the terrain. Walking on a treadmill has 
been found by these authors to incur a lesser metabolic 
cost than most other surfaces. They therefore set the 
terrain factor to 1 for treadmill walking. The exact 
number of subjects used to formulate this model was not 
specified. However it was stated that data from a number 
of different studies was used, suggesting that a large 
number of subjects were involved. The exact method of
holding the load was not specified either, merely that it
was held in the hands in front of the body. The *+M* 
factor for carrying loads in the hands is represented by
the part of the equation within the first set of
parentheses.
The wide range of values used within the variables, and 
variety of source data make this model the most versatile 
of the four studied.
Model 2 (GARG) was that published by Garg et al (1978). 
This takes the form:
M = 0.02W+0.1(68+2.54WV2+4.08LV2+11.4L+0.379(L+W)GL)
Units as above except:
V = Walking speed (m.s**1)
This equation also gives a prediction of metabolic rate in 
kcal.hr- and uses the same independent variables as the 
G&G model, although no allowance is made for the type of 
terrain. The ranges used were narrower also, at 
0.89-1.34m.sec - 1 for the speed, and 15.9-29.5kg for the 
weight. The range of gradients was not specified, neither 
was the exact mode of load carriage, although it was 
stated that the loads were held against the thighs or 
waist. In their original paper Garg and colleagues also 
produced equations for a number of other materials 
handling tasks. However most of these, including the one 
above, were based on observations of only 3 males and 3 
females.
Model 3 (M&L) was produced by Morrissey and Liou (1984). 
The model takes the form:
m = 75.14+3.11W+V2(2.72L+87.75)+13.36(W+L)(L/W)2
Units as above except:
m = Metabolic rate (Watts)
This model also uses inputs of load weight (0-22.7kg), 
body weight, and walking speed (0.89-1.79m.sec - 1). However 
no account is taken of the walking gradient or the 
surface, and the ranges of weight and speed were again 
much narrower than the G&G model.
Model 4 (M&L+W) was also produced by Morrissey and Liou 
(1984). This is similar to the previous model, but also 
includes a factor for box width:
m = 312.94+V(2.39(W+L)-481.62)+V2(218.3+0.36Z)
+17.35(W+L)(L/W)2
Units as above except:
Z = Box width (cm)
Box width in this case refers to the dimension of the box 
in the saggital plane as it is carried. Morrissey and Liou 
have found this to be a significant factor when 
considering boxes with a large variation in width. Both 
the above models were based on the responses to only 6 
young male subjects.
Statistical comparison.
The principal comparison was between the 52 observed 
metabolic rates, as measured in study I and study II, and
the corresponding values predicted by the four models. 
Individually predicted values, using each of the four 
models, were calculated by inputting the body weights, 
load weights, walking speeds, and gradients for each of 
the 52 observations in turn. It was then possible to make 
paired comparisons between the observed metabolic rate, 
and the value predicted by each of the four models. Paired 
t-tests were used in all statistical comparisons.
RESULTS
The results of the comparison of the observed and 
predicted data from study I are given in table 4.2. For 
ease of comparison all metabolic rates have been expressed 
in Watts. The mean predicted metabolic rates for the four 
models were 467 W for G&G, 565 W for GARG, 467 W for M&L, 
and 507 W for M&L+W. These were all significantly higher 
than the mean observed metabolic rate of 430 Watts.
Table 4.3 displays the observed and predicted data from 
study II. The mean predicted values of 636 W for G&G, and 
738 W for GARG were again significantly higher (p<0.001) 
than the observed value of 493 W. However the values 
predicted by the two Morrissey and Liou models, 387 W and 
395 W respectively, were both significantly lower 
(p<0.001) than the observed metabolic rate.
The second aim of this study was to investigate how well 
the four models compared with each other. To do this the 
predicted values from each model were compared, using 
paired t-tests, with the predicted values from each of the 
other models in turn. The results of these comparisons for 
the study I data are displayed in table 4.4.
The figures in the top half of the matrix refer to the 
mean difference between the predicted values. In the
Table 4.2
and predicted metabolic rates (Watts) from s
n OBSERVED PREDICTED
G&G GARG M&L M&L+W
1 366 459 558 460 499
2 369 470 569 461 496
3 492 505 603 469 490
4 351 470 569 461 496
5 419 473 572 461 495
6 267 398 500 477 550
7 334 477 576 462 494
8 399 502 600 468 490
9 390 484 582 463 492
10 580 526 624 477 491
11 545 409 510 470 536
12 296 413 514 468 532
13 401 459 558 460 504
14 390 470 569 461 501
15 569 505 603 469 495
16 401 470 569 461 501
17 431 473 572 461 500
18 337 398 500 477 555
19 451 477 576 462 499
20 460 502 600 468 495
21 437 484 582 463 497
22 501 526 624 477 496
23 384 409 510 470 541
24 407 413 514 468 537
25 416 459 558 460 499
26 437 470 569 461 496
27 610 505 603 496 490
28 381 470 569 461 496
29 448 473 572 461 495
30 340 398 500 477 550
31 492 477 576 462 494
32 530 502 600 468 490
33 407 484 582 463 492
34 621 526 624 477 491
35 413 409 510 470 536
36 413 413 514 468 532
Mean 430 467 565 467 507
S.D. 83.7 38.9 37.1 5.1 20.3
P< 0.01 0.001 0.01 0.001
% diff. + 9 + 31 + 9 + 18 .
Table 4.3
Observed and predicted metabolic rates (Watts) from study II
n OBSERVED PREDICTED
G&G GARG M&L M&L+W
1 416 615 726 398 400
2 527 619 721 368 377
3 645 920 1001 494 485
4 381 433 546 312 339
5 416 571 688 391 396
6 601 684 779 384 386
7 610 690 789 404 400
8 440 505 611 322 338
9 346 440 553 318 345
10 346 447 558 325 355
11 340 504 621 356 372
12 527 677 777 397 401
13 571 725 819 404 407
14 674 885 970 479 469
15 390 561 677 384 386
16 659 895 975 463 465
Mean 493 636 738 387 395
S.D. 121.6 160.2 144 53.7 42.6
P< 0.001 0.001 0.001 0.001
% diff. + 29 + 50 -22 -20
Table 4.4
Mean difference between predicted metabolic rates (Watts)
from the 4 models, data from study I
G&G GARG M&L M&L+W
G&G 98 0 40
GARG 0.001 98 58
M&L NS 0.001 40
M&L+W 0.001 0.001 0.001
bottom half of the matrix the significance values from the 
paired t-tests are given. As can be seen from table 4.4 
there were significant differences between the values 
predicted by each of the models, with the exception of the 
G&G and M&L models. The mean metabolic rate predicted by 
these two models was identical, although there were some 
large differences in individual cases (table 4.2).
The results of the comparison of the data from study II 
are given in table 4.5. In this case there were 
significant differences between all of the models, 
although the two Morrissey and Liou models differ by an 
average of only 8 W.
Table 4.5
Mean difference between predicted metabolic rates (Watts
from the 4 models, data from study II
G&G GARG M&L M&L+W
G&G 102 249 241
GARG 0.001 351 343
M&L 0.001 0.001 8
M&L+W 0.001 0.001 0.05
DISCUSSION
The results clearly show that none of the four models in 
question could accurately predict the metabolic cost of 
intermittent load carriage. Neither could they agree very 
well with each other. The models over predicted metabolic 
rate in most cases. In study I all four models 
overpredicted by between 9 and 31%. In study II the errors 
were even greater at between 20 and 50%. However in study 
II the two Morrissey and Liou models significantly 
underpredicted. This was most likely because these models 
contain no gradient factor, and an inclined treadmill was 
used in study II.
In an attempt to further investigate the predictive 
ability of the models, data was taken from a control 
condition in study I in which no load was carried. The 
walking speed was again 1 m.s-1 and the treadmill level. 
This metabolic rate data was compared with the predicted 
values from the four models for walking with no load, and 
the results displayed in table 4.6. It can be seen that 3 
of the 4 models produced reasonably accurate predictions 
of the observed metabolic rate. Only the GARG model 
differed significantly (p<0.001). This suggests that the 
models are not innaccurate under all conditions, but that 
the general overprediction could be due to the 
intermittent nature of the load carriage in studies I and
Table 4.6
Observed and Predicted Metabolic Rates (Watts) for 
Walking on a Level Treadmill (n=12).
OBSERVED PREDICTED
G&G GARG M&L M&L+W
Mean 226 240 282 224 212
s .d. 45 31 31 27 21
P< NS 0.001 NS NS
% diff. 6 24 -1 -6
Table 4.7 
Predicted Metabolic Rates (Watts)
- Mean of Walk and Carry Values (n=36) •
OBSERVED PREDICTED
G&G GARG M&L M&L+1
Mean 430 363 423 347 356
s .d. 83 35 34 17 21
P< 0.001 NS 0.001 0.01
% diff. -16 -2 -19 -17
II. Since the subjects were only carrying for half the
time, and walking for the other half, it is likely that
the metabolic cost would be les than if the load were 
carried continuously.
The pattern of heart rate during work in study I appears
to indicate that this would be the case. Figure 4.1
displays the mean heart rate over time for all 12 
subjects. The sinusoidal pattern was in phase with the 
walking and carrying, with heart rate steadily increasing 
whilst the load was being carried, and steadily decreasing 
once it had been released.
It is apparent that the models are reasonably accurate at 
predicting the metabolic cost of walking. However they 
tend to overpredict for intermittent carrying, chiefly 
because the subjects are only carrying for half the time, 
and walking for the other half. It might therefore be 
assumed that an accurate estimate for intermittent 
carrying might be arrived at by taking the predicted value 
for walking, and the predicted value for carrying, and 
calculating the mean.
This mean value was calculated for the data in study I, 
and the results displayed in table 4.7. Again 3 of the 4 
models gave values which differed significantly from the 
observed data. Only the GARG model produced a figure which
He
ar
t 
ra
te
 
(b
t.m
in
142
Figure 4.1
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was reasonably close. However this model did not produce 
an accurate estimate for walking, and was up to 50% in 
error for intermittent carrying. It appears therefore that 
taking the mean of the walking and carrying values is not 
an accurate way of predicting the metabolic cost of 
intermittent load carriage using these models. There is 
obviously a need for the developement of new models which 
are appropriate for intermittent load carriage tasks.
CONCLUSIONS
There have been few studies which have produced 
metabolic rate prediction models for load carriage in the 
arms.
- The agreement in the predicted values between those that 
are available is generally quite poor.
- None of the four models tested could accurately describe 
the metabolic cost of an intermittent load carriage task.
Chapter 5.
MAIN EXPERIMENT.
INTRODUCTION
The review of the literature highlighted many deficiencies
in the past studies on load carriage.
-Firstly the majority have considered only the carriage 
of loads on the back (Brainerd 1982), and hence have 
minimal applicability to industrial situations where loads 
are chiefly carried in the arms (Drury et al 1982).
-Secondly those. studies which have considered load 
carriage in the arms have generally looked at steady state 
continuous carriage (eg Soule and Goldman 1969, Garg et al 
1978), and not short distance repetitive carriage which is 
prevalent in industry.
-Thirdly there are very few data on the effects of load 
carriage on peripheral muscle fatigue, the previous 
studies being more concerned with metabolic and 
cardiovascular costs (eg Morrissey and Liou 1984, Taboun 
and Dutta 1984).
-Fourthly, as mentioned, the metabolic and cardiovascular 
costs of load carriage are well reported. However little 
is known of the recovery patterns of these variables 
following repetitive load carriage tasks. Such data would 
be of use in the allocation of recovery allowances for 
this type of work.
-Finally, although there are a few prediction models 
available for the costs of carrying loads in the arms, 
these still require the input of information relating to 
the individual, like body weight and walking speed (eg 
Givoni and Goldman 1971, Garg et al 1978, Morrissey and 
Liou 1984). This makes them of limited use on the shop 
floor. What is required are prediction models which are 
based only on task variables such as load weight, and the 
distance and frequency of carriage.
AIMS
The aims of this main block of experiments were therefore 
to address the above points. Specifically the aims were:
1. To produce prediction models for repetitive load 
carriage in the arms, based solely on load weight, 
distance of carry and frequency of carry.
2. To investigate the effects of repetitive load carriage 
on peripheral muscle fatigue.
3. To produce data on the patterns of recovery of heart 
rate and oxygen consumption following repetitive load 
carriage tasks.
METHODS
This large, and rather complex experiment involved the 
study of the subjects* responses to a range of different 
load weights, distances and frequencies in various 
combinations. However the experimental protocol for each 
of the different conditions was similar to that of the 
previous experiment.
1. Protocol.
After the briefing and instrumentation, the initial 
subjective scores were taken, followed by 5 minutes rest 
for baseline heart rate and oxygen consumption measures. 
Subjects then performed the initial isometric strength and 
endurance measures as described in section 2. Two minutes 
was allowed for recovery following these, before the 
subject commenced the load carriage task on the treadmill. 
This consisted of a total of 30 minutes work, split up 
into 3 ten minute blocks. In between these were two 3 
minute rest periods, in which recovery from work was 
monitored. Thus each condition consisted of ten minutes 
work followed by 3 minutes rest, then ten more minutes 
work followed by another 3 minutes rest, and finally 
another ten minutes work. Immediately after the last work 
period the subjects gave their final subjective ratings,
then repeated the isometric measures without an 
intervening rest period.
The load carriage task on the treadmill consisted of
repeatedly carrying the box for a set period of time, then
putting it down on the shelf and continuing to walk for a
similar period. Visual cues for when to carry and when to 
walk were provided by a large timeclock placed in front of 
the treadmill.
To standardise the subjects* posture during the rest 
periods, they sat quietly in a chair, as illustrated in 
plate 11. To standardise their behaviour they performed a 
very simple pen and paper task. This consisted of crossing 
off target numbers from a line of random numbers. The 
target changed on every line, and there were 25 lines to a 
page. The subjects were given 2 sheets to work through on 
each rest period, which was more than could be completed 
in the time available. This ensured that they were kept
fully occupied. Different random number sheets were 
presented to the subjects on each occasion to prevent any 
learning effect. An example of these random number sheets 
is given in figure 5.1.
This particular task was chosen because it fulfilled 
several criteria. Firstly it was simple enough not to 
require any great skill in its execution, and therefore
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Plate 11
Subject seated during the rest period - main experiment
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Figure 5.1
Random Number Crossing Task - Sample Sheet
Name............................ Date............... Time
Cross out each number in a row that is like the circled number.
© 4 7 5 0 9 6 4 8 8 6 2 0 5 3 3 9 3 5 4 0 9 4 9
0 1 2 9 6 2 2 4 4 0 4 2 4 9 4 1 4 2 1 8 5 3 2 7
0 5 9 5 8 1 2 2 5 9 8 6 1 5 3 1 8 3 6 0 5 7 1 5
0 1 5 6 5 0 2 0 7 5 8 9 0 4 9 3 6 1 4 5 3 2 6 6
© 8 7 3 6 8 8 0 9 7 8 5 8 6 5 0 I 7 1 2 8 5 3 9
© 4 8 4 8 7 7 1 6 5 4 8 2 0 1 8 9 9 3 6 5 0 1 5
© 8 0 2 3 0 0 7 2 5 7 0 7 7 4 7 8 1 8 7 3 4 '3 0
© 3 4 6 9 3 7 2 3 9 0 7 6 4 7 2 6 8 5 6 2 5 1 2
© 9 9 4 6 9 1 7 7 5 3 0 9 2 5 2 1 2 1 4 6 9 6 0
© 1 6 4 9 9 0 4 5 5 5 3 1 5 2 6 5 3 9 3 3 9 7 2
© 3 4 5 9 1 5 0 7 6 9 7 9 7 1 1 2 2 7 5 1 4 5 4
© 5 4 1 8 2 3 4 9 5 3 3 • 1 4 1 4 9 5 8 0 9 8 1 4
© 1 7 5 9 4 8 2 2 9 1 3 1 4 0 . 4 8 6 7 6 9 3 3 4
© 6 6 7 3 7 4 8 0 7 3 6 4 5 6 2 4 9 7 6 0 6 8 2
© 9 6 4 9 0 8 1 2 9 4 9 6 3 8 2- 8 2 8 3 4 0 5 3
© 2 0 2 7 9 2 4 3 7 8 0 .8 5 0 5 6 4 7 0 8 2 4 2
© 6 6 5 1 7 3 3 0 9 8 2 8 7 4 9 7 0 1 0 2 3 5 3
© 7 7 0 0 9 6 0 1 4 4 2 7 5 7 0 ' 6 6 4 1 7 3 9 1
© 3 6 5 8 8 3 9 1 9 4 3 9 9 9 3 7 1 6 6 2 1 5 0
© 6 2 8 7 3 5 8 6 9 9 0 7 8 2 9 6 2 7 6 3 7 7 4
was unlikely to stress the subjects unduly. This was 
essential since a stressful task may have interfered with 
the recovery pattern. Secondly it required constant 
attention and therefore kept the subjects fully occupied. 
Thirdly it was of constant difficulty throughout, and was 
thus unlikely to produce transient changes in 
physiological response. And finally it was a simple test 
to administer.
The whole experimental procedure was repeated either 6 or 
8 times by each subject, depending on which experimental 
block they were assigned to. The differences between the 
conditions was limited solely to the weight of the load, 
the distance of carry, and the number of carries per 
minute. Subjects performed each condition on a different 
day, and at the same time of day.
2. Measurements
2.1 Oxygen consumption.
Oxygen consumption was measured by means of collecting the 
subjects* expired air for a two minute period in douglas 
bags. The materials and methods were identical to those 
used in the preliminary experiment, as described in 
chapter 3. The expired air collections were made in this
study during the last two minutes of each of the 3 ten 
minute work periods, and for the last 2 minutes of two 
rest periods.
2.2 Heart rate.
Heart rate was measured continuously throughout the three 
work, and two rest periods. Again the apparatus and 
technique used was the same as in the preliminary 
experiment described in chapter 3.
2.3 Isometric strength and endurance.
The isometric measures were also made using exactly the 
same rig and protocol as in the preliminary experiment, 
but with one small modification. Due to the need to reduce 
the intra-subject variability in endurance time, an 
attempt was made to enhance the subjects* motivation to 
hold the required force for as long as they could during 
the endurance run. This was achieved by asking them to 
periodically give subjective ratings of perceived effort. 
The ratings were made on the 10-point Category Ratio Scale 
(CRS) described in Borg et al (1981). Figure 5.2 displays 
the scale used. Unlike the previous Rating of Perceived 
Exertion (RPE) scale, this scale is alinear with an 
expanded upper end. This, according to its author, makes
Figure 5.2 
Borg's Category Ratio Scale
0 Nothing at all
0.5 Very, very weak (just noticeable)
1 Very weak
2 Weak (light)
3 Moderate
4 Somewhat strong
5 Strong (heavy)
6
7 Very strong
8
9
10 Very, very strong (almost max)
• Maximal
it more suitable for use during anaerobic types of 
exercise.
The rating scale was positioned immediately above the 
chart recorder used to monitor force output during the 
endurance run. It was therefore in constant view of the 
subject. Before each run the subjects were familiarised 
with the scale and asked, when prompted, to give a rating 
of how much effort they felt it took to maintain the 
required force. This was done by simply calling out a 
number from 1-10. Decimal numbers were permitted, as was 
any number above 10 for the final maximal rating. These 
ratings were taken every 10 seconds during the endurance 
run, although to minimise time cues the exact frequency 
was not disclosed to the subjects.
It was hoped that giving these ratings would enhance 
endurance time for two reasons. Firstly it acted as a 
distractor from the discomfort which was accumulating 
during the task. The frequency with which it was taken 
meant that the subject was fully occupied in watching the 
chart recorder to ensure that the correct force was 
maintained, and studying the rating scale so that the 
appropriate rating could be given. Secondly it enforced 
the subjects to think more carefully about why they 
decided to terminate the endurance run. Although they were 
instructed to hold the required force until they were
unable to continue due to muscle fatigue, it is probable 
that on some occasions the run was terminated early due to 
the task being uncomfortable. It was therefore considered 
that by placing the emphasis on the degree of effort 
required, rather than degree of discomfort, the previously 
observed high variability in endurance time may be 
reduced.
2.4 Regional discomfort.
Ratings of local pain and discomfort were measured using 
the scale and technique used in the preliminary study 
(chapter 3). Ratings were taken at the beginning of the 
experiment, and again at the end of the third work period 
but before the final isometric measures.
2.5 Perceived exertion.
Ratings of perceived exertion were measured using the 
scale of Borg (1970). These were taken during the first 
and last minutes of the three work periods.
3. Task design .justification.
3.1 Single Box Size.
Although the size and shape of a container has significant 
effects on the way it is carried (Coury and Drury 1982), 
and its physiological cost (Morrissey and Liou 1984), a 
single box size was used in this experiment. This was 
because it was decided that the dimensions of a box had a 
relatively small effect in comparison to other variables 
such as its weight, and to include it as an independent 
variable would have made the experiment too large. 
Morrissey and Liou (1984) have identified box width in the 
sagittal plane as the most significant in terms of 
physiological cost. However their figures indicate that 
for a given box weight, and increase in width of 84% will 
bring about an increase in oxygen uptake of only 17%.
The dimensions of the box used throughout the experiment 
were: Height 22 cm, Width 21 cm, and length 38 cm. These 
represent the median dimensions reported in a large scale 
survey of industrial box handling (Drury et al 1982). It 
therefore represents an "average” industrial box. There 
were no handles or cutaways on this box, since the Drury 
et al (op cit) survey also found these to be present in 
only 2.6% of all boxes encountered.
ID/
3.2 Box weights.
The range of box weights used in this experiment was 10-30 
kg. This range covers nearly 50% of the box weights found 
in the large industrial survey of Drury et al (op cit), 
and represents the heavier half of the total range of box 
weights in the survey. This was specifically chosen 
because it is the handling of heavy weights which are 
associated with high physiological and biomechanical 
stress, which makes them of most interest. Weights above 
30 kg were not used on ethical grounds, due to the 
possible risk of injury to the subjects.
3.3 Carry distance.
There are very few data in the literature indicating the 
range of distances over which loads are carried in 
industry. The survey of Drury reports very short distances 
(less than 10 m) to be most frequent. Others have also 
used short carry distances (9-18m) when simulating 
industrial load carriage (Monod et al 1985, Snook 1978). 
Based on this information it was decided to investigate 
short carry distances in this experiment. The distances 
used were 9, 12 and 15 metres.
3.4 Frequency of load carriage and walking speed.
Information from the literature suggests that repetitive 
load carriage over short distances is performed at a
fairly high frequency (Drury et al 1982, Monod et al 1985, 
Snook 1978). A typical situation would be removing items
from the end of a production line, and carrying them to a 
repository. The exact frequencies used in this experiment 
were determined as a function of carry distance and 
walking speed. Carry distance had been determined from the 
literature. For maximum applicability, a wide range of
walking speeds was used. Pilot studies indicated that the 
range 0.75-1.75 m. s'* spanned the slowest to the fastest 
comfortable walking speeds whilst carrying a load.
3.5 Length of work and rest periods.
In the absence of any specific data on typical work and 
rest times for people carrying loads in industry, those 
chosen for this experiment were based on previous 
laboratory studies. Past load carriage experiments by 
Randle (1984) showed that work times of ten minutes were
sufficient to allow physiological equilibration to the 
workload. In addition it was found that, even after heavy 
work, heart rates and oxygen consumption returned to near 
resting levels within 3 minutes. On this basis the work 
periods were set at ten minutes, and the rest periods 3 
minutes.
4. Experimental design
The choice of experimental design for this experiment 
reflected the main aim of the study, which was to produce 
prediction models for the responses to load carriage 
tasks. Response surface methodology (RSM) is particularly 
suitable for this, as was discussed in section 1.3.3 of 
the literature review, and therefore was the design of 
choice.
The actual RSM design used was a blocked central composite 
rotatable second order model. The format of this design is 
summarised in figure 5.4. Three independent variables were 
used, load weight, carry distance, and carry frequency. 
Each of these had five levels, thus giving a reasonable 
degree of detail within the range considered. The upper 
and lower levels are defined by the experimenter to cover 
the range of maximum interest. Justifications for the 
choice of these in this experiment have been given in the 
preceeding section. A point halfway between the upper and 
lower levels is taken as the central level. The remaining 
two levels fall at a strategic point either side of the 
central level. The exact value of these 'internal points' 
is calculated according to the type of RSM design used. A 
full explanation of their calculation is given in Clarke 
and Williges (1973). The value of the internal points used 
in this experiment are shown in conditions 13-18 in figure
Figure 5.4 
Experimental Design Summary
Cond. Weight Dist. Freq. (speed)
No.______________(kg)________(m)______ (/min)__________ (m.s- 1)
Block 1
1 10 9 3.5 (1.05)
2 30 9 2.5 (0.75)
3 10 15 2.5 (1.25)
4 30 15 2.5 (1.75)
5 20 12 3.0 (1.20)
6 20 12 3.0 (1.20)
Block 2
7 10 9 2.5 (0.75)
8 30 9 3.5 (1.05)
9 10 15 3.5 (1.75)
10 30 15 2.5 (1.25)
11 20 12 3.0 (1.20)
12 20 12 3.0 (1.20)
Block 3 
13 13.86 12 3.0 (1.20)
14 26.14 12 3.0 (1.20)
15 20 10.2 3.0 (1.02)
16 20 13.8 3.0 (1.38)
17 20 12 2.69 (1.08)
18 20 12 3.31 (1.32)
19 20 12 3.0 (1.20)
20 20 12 3.0 (1.20)
5.4. There were a total of twenty conditions, divided into 
three blocks, with the centre condition being repeated 
twice in each block. These conditions were performed by 
the subjects in a randomised order.
The present design was based on an example given in 
Ainsworth and Morgan (1981), and adapted for this 
experiment by Prescott (1987).
4.1 Design breakdown.
Due to the unfamiliar nature of this type of experimental 
design, a somewhat simplified breakdown of its components 
is given below. This was compiled from the following 
sources, which explain the methodology in more detail (Box 
and Wilson 1951, Simon 1970, Clarke and Williges 1973, 
Ainsworth and Morgan 1981, Akhtar and Prescott 1986).
4.1.1 Blocking.
The blocked arrangement was used because the large number 
of conditions (20), meant that it was unrealistic and 
impractical to expect each subject to perform them all. 
Therefore the conditions were divided into three balanced 
incomplete blocks, and subjects assigned at random to one 
block. Thus each subject performed the conditions only 
within that block (6 or 8), which is a more reasonable
number, particularly since only one condition could be 
performed per day. Because each block is orthogonal, or
balanced, differences between the blocks do not influence
the estimates of the treatment effects. This can be 
further verified by comparing the responses to the centre 
condition across the three blocks. Since this condition is 
performed twice by the subjects in each of the blocks, any 
inherent differences between them can be estimated, and 
taken into account in the main analysis.
4.1.2 Second order.
A second order design was chosen for two reasons. Firstly 
a first order model was considered too simplistic, as it 
would only allow linear relationships to be explored, and
does not permit interaction effects to be considered. It
is therefore inappropriate to limit the design to a first 
order model when investigating a relatively unknown area, 
since this may give an oversimplified picture of the 
response surface.
Secondly, the results of previous studies (Randle 1984), 
suggest that the relationship between the static and 
dynamic components of work of this nature is not simply 
linear. Thus a second order design is the minimum 
requirement.
4.1.3 Subject numbers.
There are no limits to the number of subjects used with 
this experimental design, as long as there are equal 
numbers in the three blocks. In order to retain validity 
in the analysis of the results in the event of missing 
values, it was recommended that a minimum of 5 subjects be 
used in each block (Prescott 1987).
4.1.4 Rotatability.
Rotatability is a desirable feature in experiments where 
the shape of the response surface is relatively unknown. A 
rotatable design is one which has equal predictive powers 
in all directions from the centre. This gives a known 
variance in the predicted response regardless of its 
position on the response surface. This is obviously 
advantageous if a prediction equation is to be 
constructed.
4.1.5 Central composite design.
One of the simplest designs which can satisfy the criteria 
of being both rotatable and second order, is known as a 
central composite design. For an experiment with three 
factors (independent variables), this consists of a 
combination, or composite, of a traditional 2 3 factorial
design (the cube in figure 5.5), and some strategically 
selected additional (internal) points. These are spaced 
symmetrically around the central point (the star in figure 
5.5). This gives 8 data points (or conditions) on the 
cube, six on the star, and one centre point, ie a total of 
15 different conditions. However due to the blocked nature 
of the present design, the centre condition must be 
performed by the subjects in all three blocks. This adds 
two further centre conditions to the experiment. 
Furthermore, in order to gain an estimate of 
within-subject variability, and to increase to validity of 
the prediction model, the centre condition must be 
performed twice by each subject, adding a further three 
conditions. Therefore the total number of conditions in 
the experiment equals 20. These are set out in figure 5.4.
5. Statistical treatment
The main analysis of the results consisted of a multiple 
regression analysis. This used the task variables (load 
weight, distance and frequency) as the independent 
variables, and each of the response variables (heart rate, 
oxygen consumption etc) as the dependent variable. The 
analysis produced best fit prediction equations for each 
response variable. These included linear, quadratic and 
interaction terms where significant. The goodness of fit
Figure 5.5 
Three Factor Central Composite Design
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of each equation was indicated by the coefficient of 
multiple determination (r2). This indicates what 
proportion of the total variance in the data is accounted 
for by the independent variables. For example, an r 2 of 
0.89 indicates that 89% of the variance was due to the 
weight of the load, the distance it was carried, and the 
number of trips per minute. The remaining 11% was due to 
factors not included in the equation, such as experimental 
error, or day to day variation in the subjects.
The prediction accuracy of the models was indicated by the 
standard error of the estimate (SEE), given for each 
equation. This indicates the standard error of the 
predicted response of each model. For example an SEE of 
1.84 indicates that the predicted value from the model 
will be Y + 1.84 units.
The main regression analysis also yielded an ANOVA summary 
table. This indicated which of the independent variables, 
or their interactions, were significantly correlated with 
the response variable. Differences between the blocks were 
taken into account in the main analysis of variance by 
including the between blocks, and subjects within blocks 
variance in the calculation of the total residual 
variance. This ensured that any significant effects were 
due to the different treatment conditions, and not the 
difference between the subjects in the three blocks.
6. Subjects
Fifteen male subjects were used in this experiment. All 
were reasonably fit and healthy, and were chosen to cover 
a range of ages and body size. They were ascribed at 
random to one of the three experimental blocks. The 
physical characteristics of the subjects in each block, 
and in total is given in table 5.1. There were no 
significant differences between the blocks for any of the 
variables.
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Table 5.1
Physical Characteristics of Subjects - Main Study
Height
(cm)
Weight
(kg)
Age
(yr)
Isometric 
Elb. Flex
Strength
Handg:
All Subjects n = 15
Mean 178.9 75.4 25.5 32.6 41.5
s . d. 4.5 6.4 2.8 4.7 5.5
Block 1 n = 5
Mean 177.8 75.4 25.4 34.6 43.4
s.d. 5.5 6.0 2.0 5.2 5.5
Block 2 n = 5
Mean 178.0 77.2 25.8 32.1 41.1
s.d. 3.0 7.8 1.3 5.6 7.3
Block 3 n = 5
Mean 181.0 73.6 25.4 31.0 40.1
s.d. 4.0 4.5 4.3 3.5 3.8
RESULTS
1. Comparison of centre conditions.
The blocked structure of the experimental design meant 
that each subject did not perform all experimental 
conditions, only those within one of the three blocks. 
However in the main analysis the blocks were combined and 
considered as a single experiment.
Differences between the blocks were taken into account in 
the main analysis of variance by including the between 
blocks, and subjects within blocks variance in the 
calculation of the total residual variance. This ensured 
that any significant effects were due to the different 
treatment conditions, and not the difference between the 
subjects in the three blocks.
In addition a preliminary analysis was performed to ensure 
that there were in fact no significant differences in 
subjectsf responses to the three blocks. An analysis of 
variance was performed on the responses to the centre 
condition, which was performed twice by the subjects in 
each block. The results are given in table 5.2. As can be 
seen there were no significant differences between the 
three blocks, the means and standard deviations being very 
similar for all variables.
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Table 5.2
Comparison of the 2 Centre Conditions Within and Between
the 3 Experimental Blocks
Block 1_________ Block 2__________Block 3
Heart Rate 1. 102.4 (4.8) 107.0 (3.8) 105.8 (8.6)
(bt/min) 2. 105.2 (2.3) 103.8 (5.9) 107.4 (9.8)
Oxygen Uptake 1. 19.7 (1.0) 19.3 (1.1) 20.3 (1.2)
(ml.kg/min) 2. 19.1 (1.0) 19.8 (2.1) 20.7 (1.3)
Perceived Exertion 1. 11.0 (0.5) 11.9 (1.1) 11.8 (0.8)
Ratings 2. 11.3 (0.6) 12.0 (0.9) 12.0 (0.5)
Reduction in Grip 1. 6.0 (6.8) 5.6 (4.7) 8.6 (8.1)
Strength (%) 2. 1.0 (9.3) 3.0 (6.7) 7.0 (6.5)
Reduction in Grip 1. 15.6 (12.3) 18.0 (5.1) 15.0 (10.2
Endurance (%) 2. 12.8 (8.8) 18.4 (7.1) 13.0 (9.7)
Reductn. in Elbow 1. 7.4 (2.9) 8.0 (2.8) 16.0 (4.7)
Flex. Strength (%) 2. 9.0 (4.8) 10.4 (4.6) 9.8 (4.9)
Reductn. in Elbow 1. 21.4 (12.5) 15.4 (5.2) 21.2 (9.6)
Flex. End. (%) 2. 18.2 (4.1) 14.8 (4.2) 20.2 (3.1)
(Mean (sd) 
Frequency=
values, 
3/min.)
n= 5, Load Weight=20kg, Distance = 12m,
2. Oxygen Uptake Results.
The oxygen uptake means and standard deviations, for each 
of the 20 conditions, are displayed in table 5.3. These 
data are normalised for body weight, and expressed in 
ml.kg.min-1. Multiple regression analysis of the complete 
oxygen uptake data yielded the following equation:
V02 = 36.3 - (1.74W) - (1.76D) - (7.17F) + (0.027W2) 
+ (0.041WD) + (0.196WF) + (0.783DF)
r 2 = 0.886 ' (i)
SEE = 1.84
Where:
VO 2 = Oxygen uptake (ml.kg.min~1)
W = Weight of load (range 10-30kg)
D = Distance of load carriage (range 9-15 metres)
F = Frequency of carriage (range 2.5-3.5 .min-1)
2.1 Model breakdown.
This equation accounts for almost 89% of the variance in 
the data. All significant terms in the equation were 
positive. Thus an increase in any of the factors included 
in the equation will bring about an increase in oxygen 
uptake. The full analysis of variance summary table is 
given in table 5.4. This shows that load weight was highly 
significant (p<0.001) in both linear and quadratic (W2) 
terms. Figure 5.6 displays the nature of the relationship
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Table 5.3
Mean Oxygen Uptakes (ml.kg.min-1) 
in each Condition
Condition_____ Mean______ s.d.
1 16.7 1.7
2 18.9 1.4
3 18.2 1.9
4 37.7 2.2
5 20.3 1.2
6 20.7 1.3
7 13.5 1.4
8 23.4 2.1
9 23.5 2.4
10 25.8 3.1
11 19.3 1.1
12 19.8 2.1
13 18.0 0.3
14 23.4 2.5
15 15.8 1.4
16 22.8 1.4
17 17.2 1.4
18 20.6 2.1
19 19.7 1.0
20 19.1 1.0
1 / 3
Table 5.4
Analysis of Variance summary table 
-Oxygen Uptake data
Factor DF SS MS F Sig
Weight 1 790.9 790.9 832.5 ***
Distance 1 834.4 834.4 878.3 ***
Frequency 1 415.2 415.2 437.1 ***
W * W 1 188.2 188.2 198.1 ***
D * D 1 2.9 2.9 3.1 NS
F * F 1 0.0 0.0 0.0 NS
W * D 1 60.5 60.5 63.7 ***
W * F 1 27.6 27.6 29.1 ***
D * F 1 55.2 55.2 58.1 ***
Total 9 2374.9
(factorial)
Subjects 14 233
blocks 2 136 68 8.4 *
subs within
blocks 12 97 8.1 8.5 *
Residual 76 71.9 0.95
Total 99 2679.8
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
Figure 5.6
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between load weight and oxygen uptake, which became 
slightly curvilinear at higher weights. A regression 
analysis performed on the linear terms only produced an r 2 
value of 0.815. This indicated that although the W 2 term 
was significant, it did not exert a very large influence 
on the response.
Distance and frequency of load carriage were highly 
significant (p<0.001) for the linear terms, but not for 
the quadratric. It can be seen from the ANOVA summary 
table that carry distance accounts for the greatest 
proportion of the sums of squares. This indicates that 
carry distance has the greatest relative effect on oxygen 
uptake, although this is only marginally greater than that 
of load weight. Both these factors exert a much greater 
influence on oxygen uptake than the frequency of load 
carriage.
The interactions between load weight, distance and 
frequency were all highly significant (p<0.001) and 
positive. However they exerted a relatively small 
influence in comparison to the main variables, 
contributing only 5.3% of the total r 2 value. The effect 
of the interactions are illustrated in figures 5.7, 5.8 
and 5.9, which display the interactions of load weight and 
frequency, load weight and distance, and frequency and 
distance. In each of these figures the lines are
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divergent. This shows that, for example, the increase in 
VO 2 with a simultaneous increase in load weight and carry 
distance, was significantly greater than the sum of the 
increases when the two factors were changed independently. 
This means that increasing the carry distance from 9 to 
15m has a much greater effect when carrying 30kg, than 
when carrying 10 kg. The pattern is similar for the other 
interactions.
In addition to the prediction equation based on weight, 
distance and frequency, an equation was produced which was 
based on weight and walking speed:
V02 = 15 - (1.2W) + (5.64S) + (0.027W2) + (0.45WS)
r 2 = 0.865 (ii)
SEE =1.96
Where:
S = Walking speed (range 0.75-1.75 m.s-1)
This model accounts for almost 87% of the variance in the 
data. The analysis of variance summary table is presented 
in table 5.5. This shows that all significant terms are 
positive, weight is significant for linear and quadratic 
terms, and speed is significant for linear terms only. 
There is also a significant positive interaction between 
weight and speed. Figure 5.10 represents this model 
graphically over the experimental range.
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Table 5.5
Analysis 
- Oxygen
of Variance summary 
Uptake vs Weight and
table
Speed
Factor DF SS MS F Sig
Weight 1 790.87 790.87 466.64 **
Speed 1 1234.42 1234.42 733.58 **
W * W 1 164.27 164.27 96.9 **
S * S 1 6.56 6.56 3.87 NS
W * S 1 108.32 108.32 63.9 **
Total 5 
(factorial)
2136.45
Subjects 14 
blocks 2 
subs within 
blocks 12
233.0
136.0
97.0
68.0
8.1
40.11
4.78
**
*
Residual 80 
Total 99
128.84
2778.29
1.70
*** = p<0.001 
** = p<0.01
* = p<0.05
NS = not significant
1  U  J.
Figure 5.10
Relationship between Load Weight, Walking Speed
Oxygen Uptake
Oxygen Uptake 
(ml.kg.min-1)
Oxygen Uptake 
(ml.kg.min-1)
36 -  36
-  32
I  28
32 “ j 
28 -  
24 -  
20 -
“  24 
-20 
1 1616
30
26
22
18
Load Weight 
(kg)
Walking Speed 
(m.sec-1)
14
10
The sums of squares in the ANOVA table also indicates that 
walking speed had a marginally greater effect on oxygen 
uptake than does the weight of the load carried.
3. Heart Rate results.
The heart rate means and standard deviations, for all 
conditions, are displayed in table 5.6. The overall mean 
heart rate in each condition was used in the regression 
analysis to yield the following equation:
HR = 113 - (2.4W) - (2.12D) - (8.75F) + (0.063W2)
+ (0.101WD) + (0.005WF) + (1.18DF)
r 2 =0.73 „ ( iii)
SEE =8.0
Where:
HR = Heart rate (bt.min-1)
3.1 Model breakdown.
This model accounts for 73% of the variation in the heart 
rate data. The pattern of the model was similar to that of 
the oxygen uptake model (i), with all significant terms 
being positive. Weight was again significant for both 
linear and quadratic terms. This is illustrated in figure 
5.11. The quadratic term for weight again contributed only 
a fairly small proportion of the total r2 (3.2%).
Table 5.6
Mean Heart Rates (bt.min-1) 
in each condition
Condition Mean_______ s.d.
1 89 3.6
2 102 7.8
3 93 5.1
4 145 15.8
5 106 8.6
6 107 9.8
7 93 2.1
8 123 10.3
9 117 9.9
10 127 10.9
11 107 3.8
12 104 5.9
13 98 8.6
14 119 11.9
15 95 6.4
16 113 5.0
17 99 4.5
18 111 15.2
19 102 4.8
20 105 2.3
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Figure 5.11
Relationship between Heart Rate and Load Weight
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Distance and frequency were again significant for the 
linear terms only, and all interaction terms were again 
significant and positive. The divergent patterns for the 
interactions between weight and distance, weight and 
frequency, and distance and frequency, can be seen in 
figures 5.12, 5.13 and 5.14. The full analysis of variance 
summary table (table 5.7) shows that in this model, load 
weight accounts for the largest proportion of the sums of 
squares. It is apparent therefore that it is load weight 
which exerts the dominant influence on heart rate. 
Distance of load carriage has the second largest 
influence, and frequency the least.
A prediction model based on load weight and walking speed 
was also constructed for heart rate. The equation is given 
below:
HR = 84.1 - (1.89W) + (16.3S) + (0.063W2) + (0.6WS)
r 2 = 0.781 (iv)
SEE =6.4
This equation accounts for 78% of the variance in the 
data, which is a slight improvement on the model based on 
distance and frequency. The analysis of variance summary 
table is given in table 5.8 and showi that, as with the 
other models, weight is significant in linear and 
quadratic terms. Walking speed is significant in linear 
terms only, and there is a significant positive
Table 5.7
Analysis of Variance summary table 
-Heart Rate data
Factor DF SS MS F Sig
Weight 1 7473.6 7473.6 311.4 ***
Distance 1 4065.2 4065.2 169.4 ***
Frequency 1 2204.6 2204.6 91.9 ***
W * W 1 674.1 674.1 28.1 ***
D * D 1 6.4 6.4 0.27 NS
F * F 1 1.6 1.6 0.07 NS
W * D 1 297.0 297.0 12.4 ***
W * F 1 275.6 275.6 11.5 ***
D * F 1 483.0 483.0 20.1 ***
Total 9 15481.1
(factorial)
Subjects 14 3904
blocks 2 618 309 1.1 NS
subs within
blocks 12 3286 273.8 11.4 ***
Residual 76 1824.6 24.0
Total 99 21209.8
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
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Table 5.8
Analysis 
- Heart
of Variance summary 
Rate vs Weight and
table
Speed
Factor DF SS MS F Sig
Weight 1 7844.9 7844.9 194.84 **
Speed 1 4600.1 4600.1 114.25 **
W * W 1 878.7 878.7 21.82 **
S * S 1 4.1 4.1 0.1 NS
W * S 1 189.0 189.0 4.7 *
Total 5 
(factorial)
13516.8
Subjects 14 
blocks 2 
subs within 
blocks 12
3904.0 
618.0
3286.0
309.0
273.8
1.10
6.75
NS
*
Residual 80 
Total 99
3785.2
17302.0
40.26
*** = p<0.001
** = p<0.01
* - p<0.05
NS = not significant
interaction between weight and speed. As with the other 
heart rate model, it is weight which accounts for the 
greatest proportion of the sums of squares, and thus has a 
greater influence than speed on the heart rate response.
Figure 5.15 represents this model graphically, and shows 
the relationship between weight and speed on heart rate. 
As can be seen, the heart rate response is linear with 
respect to speed, and curvilinear with respect to weight.
4. Recovery of oxygen uptake.
Figure 5.16 displays the mean oxygen uptake during the 
rest periods, plotted against the condition number. It is 
apparent that recovery was not complete in any of the 
conditions, since the values are still significantly 
higher (p<0.001) than the mean resting oxygen uptake, 
taken at the beginning of the experiment. What is most 
apparent from figure 5.16 is that there is very little 
difference between the conditions. Excluding condition 4, 
the recovery oxygen uptakes are all within 2 ml.kg.min-1 
of each other. This is in sharp contrast with the oxygen 
uptakes during work, which ranged from 13 to 26 
ml.kg.min-1. It appears that the recovery of oxygen uptake 
has been rapid in all .conditions except number 4, 
suggesting that the workloads were not so strenuous as to
i oy
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produce protracted recovery periods. Condition number 4 
stands out as having a recovery level of twice resting 
level. This condition also produced the highest working 
oxygen uptake.
Multiple regression analysis of the recovery oxygen 
uptakes produced a poor correlation with the task 
variables (r2=31%). This low correlation was most likely 
due to fact that there was little difference between the 
recovery oxygen uptakes in the different conditions. Load 
weight was the only task variable which was significant
(p<0.01).
5. Recovery of heart rate.
The recovery of heart rate was more complete than oxygen 
uptake after 3 minutes. Figure 5.26 shows heart rate after 
3 minutes recovery plotted against condition number, and 
illustrates how it had returned to resting level in 15 out 
of the 20 conditions. Only in conditions number 4,8,9,10 
and 14 did it remain significantly raised (p<0.01). These 
conditions also produced the highest working heart rates. 
Four involved carrying the heaviest weights, and the other 
(no.9), involved the fastest walking speed. As with the 
oxygen uptake, the regression analysis yielded a low r 2 
(0.38), and only load weight was significant (p<0.001).
Figure 5.26
Heart Rate Recovery Values in each Condition
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There were no significant differences between the heart 
rates in the first and second recovery periods in each 
condition, even for the most strenuous conditions.
6. Isometric measures.
The elbow flexion and handgrip strength and endurance 
results are summarised in tables 5.10 and 5.11. As with 
the preliminary study (chapter 3), these results are 
expressed as a percentage decrease between the pre- and 
post-treadmill measurements of maximum strength, and 
endurance time.
Multiple regression analysis of the isometric strength 
data yielded low r 2 coefficients for both handgrip 
(r2=0.14) and elbow flexion (r2=0.22) strength. The full 
ANOVA summary tables are given in tables 5.12 and 5.13. 
These show that the weight of the load was significant for 
linear and quadratic terms for both handgrip and elbow 
flexion strength. However the distance and frequency were 
not significant for either. This indicates that the 
distance and frequency of carry had no effect on maximum 
isometric strength, but that as the weight of the load was 
increased, maximum isometric strength became significantly 
reduced.
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Table 5.10
Elbow Flexion Strength and Endurance 
- Mean Percentage Decrement in each condition
STRENGTH ENDURANCE
Ldition Mean s .d. Mean s . d
1 4.2 3.7 14.2 8.3
2 12.4 4.1 27.6 8.0
3 5.6 5.4 20.4 16.4
4 18.0 9.3 44.4 10.3
5 16.0 4.3 21.2 9.6
6 9.8 4.9 20.2 3.1
7 3.2 3.5 7.0 15.2
8 13.4 8.5 30.0 4.1
9 6.6 3.3 15.4 7.9
10 6.6 4.9 33.0 3.2
11 8.0 2.8 15.4 5.2
12 10.4 4.6 14.8 4.2
13 5.2 6.0 13.8 7.5
14 9.6 3.3 24.0 8.4
15 13.0 8.9 15.0 15.7
16 12.0 6.8 22.8 9.8
17 8.6 10.9 19.4 18.5
18 11.8 8.4 17.4 12.5
19 7.4 2.9 21.4 12.5
20 9.0 4.8 18.2 4.1
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Table 5.11
Handgrip Strength and Endurance 
- Mean Percentage Decrement in each condition
STRENGTH ENDURANCE
Ldition Mean s .d. Mean s . d
1 4.8 9.6 5.8 16.0
2 6.4 2.6 23.4 19.7
3 2.6 4.3 15.4 8.7
4 19.0 9.3 35.2 16.5
5 8.6 8.1 15.0 10.2
6 7.0 6.5 13.0 9.7
7 10.2 14.1 12.0 13.5
8 17.4 5.4 26.8 13.7
9 7.4 11.5 17.6 8.1
10 10.8 5.2 26.6 15.8
11 5.6 4.7 18.0 5.1
12 3.0 6.7 18.4 7.1
13 8.0 3.9 15.6 11.2
14 3.6 6.9 24.6 7.8
15 10.6 16.7 13.6 15.8
16 3.8 5.8 17.3 9.5
17 7.0 11.8 2.6 13.9
18 -0.8 6.8 14.0 5.9
19 6.0 6.8 15.6 12.3
20 1.0 9.3 12.8 8.8
1 7 U
Table 5.12
Analysis of Variance summary table 
-Handgrip Strength data
Factor DF SS MS F Sig
Weight 1 383.1 383.1 4.44 *
Distance 1 5.44 5.44 0.06 NS
Frequency 1 108.02 108.02 1.25 NS
W * W 1 486.75 486.75 5.64 *
D * D 1 50.69 50.69 0.58 NS
F * F 1 42.62 42.62 0.49 NS
W * D 1 75.62 75.62 0.88 NS
W * F 1 245.02 245.02 2.84 NS
D * F 1 34.22 34.22 0.39 NS
Total 9 1431.5
(factorial)
Subjects 14 1615
blocks 2 337.7 168.85 1.58 NS
subs within
blocks 12 1277.3 106.44 1.23 NS
Residual 76 6552.5 86.22
Total 99 9599.0
*** = p<0.001
** = p<0.01
* - p<0.05
NS = not significant
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Table 5.13
Analysis of Variance summary table 
- Elbow Flexion Strength
Factor DF SS MS F Sig
Weight 1 641.0 641.0 17.74 ***
Distance 1 5.2 5.2 0.14 NS
Frequency 1 155.1 155.1 4.30 NS
W * W 1 69.1 69.1 1.91 NS
D * D 1 101.4 101.4 2.81 NS
F * F 1 0.2 0.2 0.00 NS
W * D 1 22.5 22.5 0.62 NS
W * F 1 67.6 67.6 1.87 NS
D * F 1 67.6 67.6 1.87 NS
Total 9 1130.0
(factorial)
Subjects 14 1274.7
blocks 2 132.0 66.0 1.82 NS
subs within
blocks 12 1142.7 95.23 2.64 NS
Residual 76 2746.23 36.10
Total 99 5150.90
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
The endurance measures yielded higher r 2 values than the 
strength data, at 0.276 for handgrip and 0.437 for elbow
flexion. Tables 5.14 and 5.15 display the ANOVA summary
tables, and show that again weight was significantly 
correlated to endurance time in both linear and quadratic 
terms. Again neither carry distance nor frequency had 
significant effects on handgrip endurance time, but carry 
distance was found to significantly effect elbow flexion 
endurance time (p<0.01).
Despite the high degree of variability and low correlation 
coefficients, there were significant reductions in 
isometric strength and endurance in many of the 
conditions. Individual strength and endurance scores 
before and after each load carriage condition were 
compared using paired t-tests. The results of this 
analysis are displayed in table 5.18, and indicate which 
conditions were most associated with significant local
muscle fatigue. This was most apparent in conditions 2,4,8
and 10, which produced significant reductions in all four 
isometric measures. These conditions all involved the 
carriage of the heaviest weight, 30kg. Conditions number 1 
and 7 produced no significant reductions in any of the 
isometric measures. These conditions involved the carriage 
of the lightest weight, 10kg, and also had the lowest 
external workrate. In the 14 other conditions, as can be 
seen in table 5.18, there were significant reductions in
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Table 5.14
Analysis of Variance summary table 
-Handgrip Endurance data
Factor DF SS MS F Sig
Weight 1 2233.0 2233.0 18.2 ***
Distance 1 329.2 329.2 2.68 NS
Frequency 1 44.8 44.8 0.36 NS
W * W 1 1080.9 1080.9 8.80 ***
D * D 1 8.2 8.2 0.07 NS
F * F 1 311.1 311.1 2.53 NS
W * D 1 0.0 0.0 0.00 NS
W * F 1 245.0 245.0 1.99 NS
D * F 1 235.2 235.2 1.91 NS
Total 9 4625.4
(factorial)
Subjects 14 2774
blocks 2 627 313.5 1.75 NS
subs within
blocks 12 2147 178.9 1.46 NS
Residual 76 9335.3 122.8
Total 99 16734.7
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
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Table 5.15
Analysis of Variance summary table 
-Elbow Flexion Endurance data
Factor DF SS MS F Sig
Weight 1 3643.0 3643.0 44.8 ***
Distance 1 597.5 597.5 7.35 NS
Frequency 1 220.8 220.8 2.72 NS
W * W 1 973.5 973.5 11.9 ***
D * D 1 32.2 32.2 0.39 NS
F * F 1 35.0 35.0 0.43 NS
W * D 90.0 90.0 1.10 NS
W * F 1 67.6 67.6 0.83 NS
D * F 1 52.9 52.9 0.65 NS
Total 9 5712.4
(factorial)
Subjects 14 1278
blocks 2 567 283.5 4.78
subs within
blocks 12 711 59.3 0.73 N
Residual 76 6178.6 81.3
Total 99 13169.0
*** = p<0.001
** = p<0.01
* - p<0.05
NS = not significant
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Table 5.18
Significance of the Decrement in Isometric Strength 
and Endurance in each condition
(Paired t-tests on Initial vs Final scores in each condition)
COND STRENGTH ENDURANCE
No. E .Flex H.Grin E .Flex H.Grin
1 NS NS NS NS
2 ** ** * *
3 NS NS NS t
4 ** tt ttt tt
5 *** NS t t
6 * NS tt t
7 NS NS NS NS
8 * t tt t
9 * NS NS NS
10 tt t tt t
11 tt NS tt t
12 * NS t t
13 NS NS t t
14 ** NS tt tt
15 * NS NS NS
16 * NS t t
17 * NS NS NS
18 t NS NS NS
19 ** NS t NS
20 * NS ttt t
*** = pCO.OOl
** = p<0.01
* = p<0.05 
NS = not significant
some of the isometric measures, but not in others.
Clearly load weight is the most important factor with 
regard to isometric fatigue. This begs the question as to 
the weights at which this becomes significant. Figures
5.18, 5.19, 5.20 and 5.21 display the mean reductions in 
elbow flexion strength and endurance, and handgrip 
strength and endurance plotted against load weight. Table 
5.19 gives the significance values of these measures at 
the different weights. By referring to table 5.19 and 
figures 5.18-5.21 in combination, the critical weights 
which are associated with isometric fatigue become 
apparent. For reductions in isometric strength, in both 
handgrip and elbow flexion, the demarcation point is 
reasonably clear. There are no significant reductions in 
elbow flexion strength below 20kg, but at or above this 
weight it is significantly reduced in every condition 
(table 5.19). For handgrip strength the clear demarcation 
point is 30kg, as can be seen from figure 5.18 and table
5.19.
For reductions in endurance time the cutoff point is less 
apparent. At 26.14 and 30kg the reduction in endurance 
time is distinct for both handgrip and elbow flexion. 
However at 10, 13.86 and 20kg, this reduction is
significant in some conditions but not others. Referring 
to figures 5.20 and 5.21, it is clear that for handgrip
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Figure 5.18
Decrease in Elbow Flexion Strength
at the different Load Weights
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Figure 5.19
Decrease in Elbow Flexion Endurance Time
at the different Load Weights
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Figure 5.20
Decrease in Handgrip Strength
at the different Load Weights
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Figure 5.21
Decrease in Handgrip Endurance Time
at the different Load Weights
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Table 5.19
Significance of the Decrement in Isometric Strength 
and Endurance at the different Load Weights
(Paired t-tests on Initial vs Final scores in each condition)
COND. LOAD STRENGTH ENDURANCE
No. WEIGHT(kg) E.Flex
1 10 NS
3 10 NS
7 10 NS
9 10 *
13 13.86 NS
H.Grin_______ E.Flex H.Grip
NS NS NS
NS NS *
NS NS NS
NS NS NS
NS * *
5 20 ***
6 20 *
11 20 **
12 20 *
15 20 *
16 20 *
17 20 *
18 20 *
19 20 **
20 20 *
14 26.14 tt
2 30 **
4 30 **
8 30 *
10 30 tt
NS * *
NS tt t
NS ** *
NS * *
NS NS NS
NS * *
NS- NS NS
NS NS NS
NS * NS
NS ttt t
NS tt tt
tt t t
tt ttt tt
t tt t
t tt t
ttt = p<0.001 
** = p<0.01
* = p<0.05 
NS = not significant
there is very little difference between 10, 13.86 and
20kg, but thereafter endurance time decreases steadily. 
For elbow flexion endurance there is little difference 
between 10 and 13.86kg, but again the rise becomes linear 
at weights above these.
6.1 Combined strength and endurance scores.
There was an inverse correlation between the absolute 
strength of the subjects and their submaximal endurance 
time. Figure 5.17 displays the scatter plot, and shows the 
negative slope of the regression line. Since the measures 
were inversely correlated, a large decrease in strength 
was likely to bring about a small decrease in endurance 
time, and vice versa. For instance, if the load carriage 
task brought about a large decrement in strength, then the 
target force which had to be maintained for the endurance 
run (50% of strength) would be rather small in absolute 
terms. Thus the force was likely to be held for a longer 
period, bringing about only a small decrement in endurance 
time. This could partly explain the poor correlation 
between the intensity of the task variables and the 
decrements in strength and endurance measured separately. 
For this reason the percentage decrements in strength and 
endurance time were combined, on a 50/50 basis, to give an 
overall fatigue score. Multiple regression analysis of
Figure 5.17
Relationship between Isometric Strength
and Endurance Time
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this data with the task variables yielded improved r2 
coefficients for both elbow flexion (r2=0.45), and 
handgrip (r2=0.382). However these coefficients were still 
too low to consider modelling this fatigue response. The 
ANOVA summary tables are given in tables 5.16 and 5.17, 
and indicate that again only load weight was significantly 
correlated with isometric fatigue.
7. Subjective measures.
7.1 Regional discomfort.
The regional discomfort results are summarised in table
5.20. As with the preliminary experiment (chapter 3), the 
ratings were centered around the same four body areas. 
These are shown in table 5.21. Again it was the arms and 
hands which appear to have been most effected by the load 
carriage. The reports of pain in the lower back were much 
less prevalent, and only occurred at the heaviest loads 
(30kg).
There was a significant association between the weight of 
the load carried, and the occurrence of regional 
discomfort. Spearmans rank correlation tests showed that 
there were highly significant correlations between load 
weight and both the total number of reports of discomfort 
(t=2.309, p<0.01) and the severity of the discomfort
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Table 5.16
Analysis of Variance summary table 
-Elbow Flexion Combined Strength and Endurance data
Factor DF SS MS F Sig
Weight 1 1887.3 1887.3 57.17 ***
Distance 1 288.7 288.7 8.75 **
Frequency 1 165.5 165.5 5.01 *
W * W 1 91.7 91.7 2.77 NS
D * D 57.1 57.1 1.72 NS
F * F 1 0.3 0.3 0.00 NS
W * D 1 2.0 2.0 0.06 NS
W * F 1 57.6 57.6 1.75 NS
D * F 1 15.6 15.6 0.47 NS
Total 9 2565.8
(factorial)
Subjects 14 622.5
blocks 2 294.2 147.1 5.38 *
subs within
blocks 12 328.3 27.4 0.82 NS
Residual 76 2508.9 33.0
Total 99 5697.2
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
Table 5.17
Analysis of Variance summary table 
- Combined Handgrip Strength and Endurance
Factor DF SS MS F Sig
Weight 1 1096.36 1096.36 42.83 ***
Distance 1 69.89 2.73 2.73 NS
Frequency 1 80.96 80.96 3.16 NS
W * W 1 715.73 715.73 27.96 **
D * D 1 4.35 4.35 0.17 NS
F * F 1 212.93 212.93 8.32 *
W * D 1 24.02 24.02 0.94 NS
W * F 1 260.1 260.1 10.16 **
D * F 1 105.6 105.6 4.12 NS
Total 9 
(factorial)
2569.97
Subjects 14 
blocks 2 
subs within 
blocks 12
622.5
294.2
328.3
147.1
27.4
5.74
1.07
NS
NS
Residual 76 
Total 99
1947.5
6726.94
25.60
*** = p<0.001 
** = p<0.01
* = p<0.05
NS = not significant
Table 5.20
Regional Discomfort Results Summary 
- Main Study
Cond. UA
Body
LA
Region
H/W LB
Total No. 
of reports
x Rating 
(n=5)
1 0 0
2 3 3 3 3 4 0.6
3 0 0
4 3 2,3 3,3 3 5 0.9
5 3 2 2 0.3
6 3 3 4 3 0.5
7 0 0
8 2,4 5,7 4 0.9
9 3 1 0.2
10 2 6 3 2 4 0.6
11 0 0
12 3 3 2 0.3
13 0 0
14 4 3,2 2 3 5 0.7
15 2 2 2 0.2
16 3 1 0.2
17 3 2 2 3 0.4
18 2, 3 3,3 4 0.6
19 5 3,2 2 4 0.6
20 4 2 2 0.3
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Table 5.21
Total number of reports of discomfort by body region.
Lower Arms..... 16
Upper Arms 14
Hands/Wrists... 13 
Lower Back...... 4
(t=3.576, p<0.01). Figure 5.22 illustrates this
relationship. At weights below 20 kg there were no reports 
of discomfort, whilst at 20 kg about half the subjects 
reported mild discomfort. Above 20 kg most of the subjects 
reported some discomfort, which in two cases was 
moderately severe.
There were no significant correlations between ratings of 
regional discomfort and distance of carry, frequency of 
carry, or walking speed.
7.2 Rating of perceived exertion (RPE).
Multiple regression analysis of the RPE data showed it to 
be highly correlated with load weight (p<0.001), carry 
distance (p<0.05), and frequency (p<0.05), and yielded the 
following equation:
RPE =1.1 + (0.19W) + (0.24D) + (1.19F) 
r 2 = 0.72 (v )
SEE = 1 . 0
The ANOVA summary table is given in table 5.22, and shows 
that the significant terms are all positive and linear. 
Thus RPE increases in direct proportion with increasing 
weight, distance and frequency of load carriage.
RPE was also highly correlated with heart rate (r = 0.86,
Figure 5.22
Severity of Discomfort Rating at each Load Weight
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Table 5. 22
Analysis
-Rating
of Variance 
of Perceived
summary
Exertion
table
data
Factor DF SS MS F Sig
Weight 1 183.3 183.3 323.94 ***
Distance 1 24.3 24.3 44.88 **
Frequency 1 18.1 18.1 31.98 **
W * W 1 0.0 0.0 0.00 NS
D * D 1 0.0 0.0 0.00 NS
F * F 1 0.5 0.5 0.95 NS
W * D 1 1.1 1.1 1.98 NS
W * F 1 1.1 1.1 1.96 NS
D * F 1 2.1 2.1 3.65 NS
Total 9 
(factorial)
234.5
Subjects 14 
blocks 2 
subs within 
blocks 12
46.2
7.3
38.9
3.6
3.3
0.89
5.75
NS
*
Residual 76 
Total 99
44.13
324.85
0.57
*** = p<0.001
** = p<0.01
* = p<0.05
pCO.OOl). Figure 5.23 illustrates this linear 
relationship, and gives the equation for the regression 
line. It can be seen that the regression line passes very 
close to the origin of the graph, indicating that the 
perceived exertion ratings given were approximately equal 
to the subjects * heart rate divided by 10.
7.3 Fatigue ratings.
The multiple regression analysis of the the fatigue 
ratings yielded poor correlations with the task variables. 
The ANOVA summary table (table 5.23) shows that only the 
load weight was significantly related to fatigue rating 
(p<0.05), distance and frequency were not significant. 
This was possibly due to the high degree of variability of 
this measure, which yielded an overall between-subject 
coefficient of variation of 40.5%. The relationship 
between fatigue rating and load weight is displayed in 
figure 5.24.
These results indicate that again it is the weight of the 
load which has the biggest influence on the responses. In 
this study the load weight significantly influenced how 
tired the subjects felt, but distance and frequency of 
load carriage did not.
Figure 5.23
Relationship between Perceived Exertion 
and Heart Rate
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Table 5.23
Analysis of Variance summary table 
-Fatigue Rating data
Factor DF SS MS F Sig
Weight 1 1859.8 1859.8 22.81 ***
Distance 1 234.0 234.0 2.87 NS
Frequency 1 199.1 199.1 2.44 NS
W * W 1 126.5 126.5 1.55 NS
D * D 1 45.1 45.1 0.55 NS
F * F 1 30.9 30.9 0.38 NS
W * D 1 8.1 8.1 0.09 NS
W * F 1 57.6 57.6 0.71 NS
D * F 1 36.1 36.1 0.44 NS
Total 9 2597.2
(factorial)
Subjects 14 12105.7
blocks 2 2470 1235 1.54 NS
subs within
blocks 12 9635.7 803 9.85 NS
Residual 76 6359.1 81.5
Total 99 21062
*** = p<0.001
** = p<0.01
* = p<0.05
NS = not significant
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Figure 5.24
Relationship between Fatigue Rating and Load Weight
Mean Fatigue Rating (n=15)
(increase in rating over time,
0-100 units)
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DISCUSSION
The effect of weight, frequency, and distance 
on efficiency*
Previous studies on repetitive load carriage have come to 
the conclusion that it is more efficient (in energy cost 
terms) to carry heavy loads at a low frequency, than to 
carry light loads and make a greater number of journeys 
(Hamilton and Chase 1969, Teeple 1957, Lehmann 1962). The 
reason for this is that there is an increased energy cost 
in moving the person’s body weight to and fro a greater 
number of times. In the present study this was also found 
to be the case for lighter loads, as these figures 
predicted from equation (i) show:
Load weight (kg) 10 14
Distance (m) 9 9
Frequency (.min-1) 3.5 2.5
External work (kg.m.min-1) 315 315
Energy expenditure (ml.kg.min-1) 15. 1 12.5
It can be seen that the energy expenditure in carrying 
14kg at a rate of 2.5 times per minute, is less than 
carrying 10kg at the higher rate of 3.5 times per minute. 
This despite .the rate of external work being exactly the 
same.
However it was also observed that when carrying heavier 
loads this differential almost disappears:
Load weight (kg) 21.4 30
Distance (m) 9 9
Frequency (.min-1) 3.5 2.5
External work (kg.m.min-1) 675 675
Energy expenditure (ml.kg.min-1) 17.5 17.3
In this case there is very little difference between 
carrying the lighter load at a higher frequency, and
carrying the heavier load at a lower frequency. An
explanation for this may lie in the alinear relationship
between energy cost and load weight. The higher weights 
are proportionally more expensive in terms of energy cost 
than the lower weights. This can be observed in figure
5.10, where the heavier weights lie on a steeper portion 
of the curve. Frequency on the other hand, maintains a 
linear relationship with energy cost. The relationship 
between load weight and frequency is therefore likely to 
change according to the absolute weights involved.
It has been demonstrated that there is little difference 
in energy cost between carrying 30kg at 2.5 times per. 
minute, and carrying 21.4kg at 3.5 times per minute. 
However the cardiovascular costs are not equal as this 
data predicted from equation (iii) indicates:
Load weight (kg) 21.4 30
Distance (m) 9 9
Frequency (.min-1) 3.5 2.5
External work (kg.m.min-1) 675 675
Heart rate (bt.min-1) 101 107
It can be seen that the heart rate response in carrying 
the heavier load is greater than that of the lighter load. 
This differential between the cardiovascular and metabolic 
costs of heavy load carriage has been demonstrated 
previously (Randle 1988). It has been suggested that the 
differences are due to the greater static work component 
in carrying the heavier load.
The present data therefore indicates that it is more 
efficient to carry heavier loads at lower frequencies only 
when the absolute load weights are kept relatively light. 
Also, due to the large influence that load weight has on 
cardiovascular costs, the conclusion must be that light 
loads are preferable to heavy loads in terms of overall 
efficiency.
The distance and frequency of carriage were both found to 
be linearly related to metabolic and cardiovascular costs.
However distance was found to exert the stronger 
influence. Thus long carry distances are likely to produce
higher metabolic and heart rates than high frequencies. On 
this basis it would be recommended that distances be kept 
short at the expense of increasing the number of trips 
made. A similar conclusion was come to by Gupta and 
Rohmert (1964) regarding the carriage of suitcases. This 
scenario is also likely to be advantageous in terms of 
local muscle fatigue, since holding time will be reduced 
if the distances are kept short.
Relationship between load weight and energy cost.
A series of separate experiments on repetitive load 
carriage lead Monod and co-workers to conclude that the 
cardiovascular and metabolic costs of work are linearly 
related to the total external workrate (Monod et al 1985). 
The external workrate, expressed in kg.m.min-1, is the 
product of the load weight, distance and frequency of 
carriage. Thus Monods findings suggest that, over a given 
distance, the physiological cost would be exactly the same 
for carrying a 20kg load four times per minute, as it 
would be for carrying a 40kg load twice per minute. The 
results from the present study do not support this 
contention, as previously discussed. However when plotted 
against external workrate the heart rates and oxygen 
consumptions do appear to follow the linear response shown 
by Monod (figure 5.25). It appears therefore that 
expressing the workload in this way, and combining the
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task variables, may mask the true pattern of the 
physiological responses. This is possibly due to the 
differing effects of increasing the load weight compared 
to increasing distance or frequency, since it was found 
that the metabolic responses to increasing distance and 
frequency were linear, but were alinear with respect to 
weight.
As mentioned in the review of the literature, previous 
studies have not been unanimous in their findings 
regarding the relationship between load weight and 
metabolic cost. Whilst some studies have also found the 
relationship to be alinear, with a proportionally higher 
cost at heavier weights (Liou and Morrissey 1985, 
Morrissey and Liou 1984, Givoni and Goldman 1971, Gordon 
et al 1983, Pimental and Pandolf 1979), others have found 
that the relationship is simply linear (Monod et al 1985, 
Garg et al 1978, Taboun and Dutta 1987, Wyndham 1971, 
Randle 1987) .
A possible explanation for these differences may lie in 
differences in the experimental protocols used. The most 
noticeable of these involved the choice of walking speed. 
In each of the studies which found a linear response, only 
a single or very narrow range of walking speeds were used. 
However those that found an alinear response are united in 
having used a range of walking speeds as well as weights.
Furthermore, the present study showed that there was a 
significant positive interaction between load weight and 
walking speed. This indicates that the slope of the 
relationship between metabolic rate and load weight 
becomes steeper as walking speed increases. This means 
that the difference in metabolic rate between carrying 10 
and 30 kg is greater when walking at 1.5 m.s-1 than when 
walking at 1 ms-1. It is apparent therefore that studying 
the relationship between metabolic rate and load weight at 
a single walking speed, will give an oversimplified 
picture.
It is concluded from these findings that the relationship 
between load weight and metabolic rate is alinear, but 
that the degree of alinearity depends on the walking 
speed. This has implications for the application of 
metabolic rate prediction models. In particular those 
which show the relationship to be linear (eg Garg et al 
1978) should not be extrapolated outside their 
experimental range, since this is likely to under predict 
the metabolic cost at higher load weights.
Recovery of Heart rate and Oxygen consumption.
The recovery levels of heart rate and oxygen consumption 
reflected the values produced during the work periods. The
2 2y
conditions with the highest working heart rates and oxygen 
consumptions also produced the slowest recovery times.
There were no significant differences between the two 
recovery periods (10-13 minutes, and 23-26 minutes). This 
indicates that there was little evidence of accumulating 
fatigue during the relatively short duration of the 
experiment. Further work is necessary in order to 
investigate the responses over much longer time periods. 
This may give a clearer picture of the factors which 
influence fatigue and recovery.
Nevertheless, the results from this study will contribute 
to the rather small body of data on the recovery from 
heavy physical tasks, and may be of use in future attempts 
to devise work/rest cycles for industrial work.
Comparison with Ergonomic Workload Guidelines.
In order to make recommendations on acceptable levels of 
work for load carriage tasks, data from the present study 
were compared with previously published ergonomic 
guidelines. These have chiefly been based on levels of 
energy expenditure, or heart rate. Those used are detailed 
below:
1. Metabolic rate of 5 kcal.min-1. This criterion has been 
widely accepted as the standard workrate for manual jobs, 
particularly by work study practitioners (Minter 1970). It 
was originally advocated by Hettinger and colleagues at 
the Max Planck Institute in Dortmund, and based on their 
experience of manual work in industry (Hettinger 1970). 
The recommendation states that the mean workrate over an 
8-hour day should not exceed 5kcal.min”' . Thus any 
activities requiring energy expenditures above this level 
should be balanced with lighter work, or rest periods.
2. Metabolic rate not exceeding 33% of maximum oxygen 
uptake. This has been advocated more recently, and is 
based on a variety of tasks, including manual handling 
activities which include static and dynamic muscular work 
(Lind et al 1978, Bink 1964, Saha et al 1979, Haisman 
1988).
3. Heart rate of 110 bt.min-1. This criterion has also 
been based on a range of industrial tasks (Burse 1978, 
Saha et al 1979, Khalil et al 1985).
4. Heart rate of 30 bt.min-1 above resting pulse. (Muller 
1960, Grandjean 1980).
5. Recovery pulse. Brouha (1967) used recovery heart rates
to devise the following guidelines. Heart rate should not 
exceed 110 bt.min-1 after one minute of rest, and should 
fall by at least 10 bt.min-1 between the first and third 
minutes of recovery. If these heart rates are not 
exceeded, the workload could be performed for prolonged 
periods without increasing cardiovascular strain.
Table 5.24 sets out displays the task conditions in the 
present study which exceed the above criteria. The 
metabolic rate limit of 5kcal.min_1 is the most stringent. 
All conditions except the lightest (no.7) exceeded this 
level.
The cardiovascular criteria were more lenient. Both the 
pulse rate of 110 bt.min-1 and the work pulse of 30 
bt.min-1 were only exceeded by 6 of the 20 conditions. 
Brouha’s recovery pulse criteria were not exceeded by any 
of the conditions. This is surprising since the heavier 
conditions used in this experiment were physically 
stressful. They exceeded all other criteria, and produced 
high ratings of perceived exertion. It is very unlikely 
therefore that they could be performed for an 8-hour 
workday. It appears therefore that Brouha’s criteria have 
limited applicability to this type of task.
This comparison shows that there is little consensus 
between these various criteria. This makes the
TABLE 5.24
Conditions exceeding Ergonomic Workload Criteria
CRITERION CONDITION NUMBERS EXCEEDING
1. Metabolic rate 1, 2, 3, 4, 5, 6, 8, 9, 10,
of 5 kcal/min 13, 14, 15, 16, 17, 18, 19,
2. Metabolic rate 2, 3, 4, 5, 6, 8, 9, 10, 11
of 33% VO 2 ■ax 14, 16, 18, 19, 20
3. Heart Rate of 4, 8, 9, 10, 14, 16
110 bt/min
4. Working Pulse 4, 8, 10, 14, 16 
of 30 bt/min
5. Brouha’s nil 
recovery pulse
CRITERION
II. 12, 
20
, 12,
recommendation of limits for maximum weights, distances 
and frequencies of load carriage rather difficult. However 
it was apparent that the conditions which included the 
heavier weights (26 and 30kg), exceeded all but one of the 
criteria. Carrying weights of this level are likely 
therefore to produce fatigue. The conditions which 
included the highest frequencies, distances and speeds did 
not exceed all of the criteria. Thus carrying at the 
highest frequency, longest distance and fastest speed 
appears likely to be less fatiguing than carrying the 
heaviest loads.
Maximum Load Weight Recommendations.
The maximum weight of loads to be carried manually will 
depend upon a number of factors. The shape, dimensions and 
exact placement of the load, environmental variables such 
as heat and terrain, and the physical characteristics of 
the worker have all been implicated (Haisman 1988).
However a combination of the measures taken in the present 
study appears to indicate that loads exceeding 
approximately 20 kg start to become excessively stressful. 
Although there is no distinct demarcation point, loads 
above this general figure are associated with significant 
isometric fatigue, subjective ratings of discomfort, and a
steeper increase in metabolic and cardiovascular costs. 
This figure therefore forms the basis of a tentative 
recommendation, bearing in mind the limitations of the 
study and the other relevant factors.
There is however some agreement between this figure and 
other load carriage guidelines. Haisman (1988) states that 
a widely used limit in military and other circles has been
one third of body weight, or 23 kg for a 70 kg man. The
NIOSH (1981) guidelines on repetitive lifting have been 
devised to indicate loads which will increase the risk of 
spinal injury. The term they give for loads which are 
considered to present minimal risk to 99% of males and 75%
of females is the ’action limit’. For the task used in the
present study this works out at approximately 19 kg.
Several studies have produced guidelines on acceptable 
load weights based on the psychophysical methodology of 
Snook (1978). However these recommendations appear to vary 
somewhat. Mital and Ilango (1983) produced figures similar 
to those above, at 21-23 kg. These are lower than those 
proposed by Snook himself, who states that 30-33 kg is an 
acceptable load for short distance and high frequency 
carries. The difference was put down to the fact that 
students were used in Mital’s study, and an industrial 
population in Snooks. Since there was little difference in 
the strength of the two groups, age and job experience
were said to account for this variation in response.
Other psychophysical studies have recommended much heavier 
weights. Morrissey and Liou (198fl) claim that loads of 
40-45 kg are acceptable for short distance carries, and 
Mital and Asfour (1983) quote a range from around 20kg for 
5th percentile male workers, to 60-70 kg for 95th 
percentile males. The muscle fatigue and discomfort 
ratings from the present study would suggest that these 
load weights may be excessive.
Isometric Strength and Endurance.
Significant reductions in strength and endurance were 
detected following the carriage of the heavier loads. The 
reductions were quite marked despite the duration of the 
experiment being relatively short. It seems likely 
therefore that carrying the heavier loads could not be 
maintained for prolonged periods due to the extent of this 
local muscle fatigue. This may be independent of the 
central physiological responses to the work. For example 
condition no.2, which involved carrying a heavy weight at 
a slow pace, produced significant local muscle fatigue and 
discomfort, whilst being well inside the cardiovascular 
workload criteria.
The occurrence of local muscle fatigue appears to be an 
important factor in determining the ability to perform 
load carriage tasks. However there have been very few 
other studies which have investigated it in this context. 
There is a need to study the effects of longer periods of 
work on the observed reductions in strength and endurance. 
This would allow firm guidelines to be produced regarding 
the acceptability of workloads based on local muscle 
fatigue criteria.
There have been recommendations made on the force limits 
for isolated static contractions which can be maintained 
for extended periods. Monod and Sherer (1965) recommend 
that isometric contractions should be kept to below 15% of 
maximum force (MVC) if they are to be held continuously, 
or below 40% MVC if they are to held intermittently in the 
ratio of half work and half rest. These force levels, they 
claim, can be held for indefinite periods.
A comparison can be made between these force limits, and 
the data from the present study. Since the subjects 
carried and released the load for equal lengths of time, 
they were in effect performing intermittent isometric 
contractions on a half work, half rest basis. They should 
therefore be able to maintain a force of 40% MVC. For the 
handgrip contractions this translates into an average
force of 16.8 kg in each hand. The total load which could 
be maintained in bimanual load carriage should therefore 
be approximately 33.6 kg. However the observations from 
the present study indicate this may not be the case. There 
were large reductions in handgrip strength and endurance 
when loads of 30 kg were carried for only 30 minutes. The 
total load weight which equates to 15% MVC for both hands 
is around 13 kg. By contrast this level of weight produced 
no significant reductions in handgrip strength, and only 
modest reductions in endurance, even at the highest 
walking pace. It appears therefore that the 15% MVC force 
recommendation translates more readily into the load 
carriage situation than the intermittent 40% MVC level.
As stated in the methods, ratings of subjective effort 
were recorded during the measurement of endurance time. 
The purpose of this was to attempt to reduce the 
within-subject variability in endurance times. A 
comparison of the within-subject day-to-day coefficients 
of variation between the preliminary experiment (chapter 
3) and present experiment, indicates that it has fallen 
from 11-14% to 9-10%. In addition the initial endurance 
times were an average of 20 seconds longer for the 
handgrip, and 11 seconds longer for the elbow flexion. 
This was despite the fact that there was very little 
difference in strengths of the two subject groups. It 
appears therefore that the use of the subjective effort
rating was successful in reducing the variability in 
endurance time for both handgrip and elbow flexion.
General Comment.
The analysis of the results has shown that load weight is 
the dominant task variable with regard to the 
cardiovascular costs of the work, the degree of local 
muscle fatigue, and the subjective feelings of regional 
discomfort and perceived exertion. Only in oxygen uptake 
do the walking speed and carry distance exert a greater 
influence than load weight.
These findings could be explained in part by considering 
the ranges of weight, distance and frequency used in the 
experiments. It may be argued that weight produced the 
dominant effect because it covered a wider range of values 
than distance or frequency. Further experiments would be 
required to discover whether using a wider range of 
distances and frequencies would in fact significantly 
effect the results.
However the ranges of weight, distance and frequency used 
in this experiment were deliberately chosen to represent 
those used in industry. Information from the literature on
task analyses of industrial load carriage formed the basis 
of the choice. The results therefore have validity in 
terms of their direct applicability to load carriage in 
industry.
Overall it must therefore be concluded that load weight is 
the most important variable in industrial load carriage 
tasks. The general recommendation is to keep load weights 
as low as possible if workers are to carry them with 
minimum ill effect. Carrying light loads may mean that it 
is necessary to make a greater number of journeys, or walk 
more quickly. In these situations the metabolic cost of 
the work will become an important factor. It would 
therefore be appropriate to apply the previously discussed 
metabolic rate guidelines, or the recovery allowance 
formulae of, for example Murrel (1965) or Spitzer (1951). 
This is because the work will be of a mainly dynamic 
nature, and these guidelines were largely based on mainly 
dynamic tasks, such as walking or stepping. They are 
consequently less appropriate for tasks with a large 
static work component such as carrying heavy weights 
(Randle 1984).
CONCLUSIONS
Of the tasks variables studied in this experiment, load 
weight had the greatest effect on the responses of the 
subjects.
-Load weight, distance and frequency of carriage accounted 
for a large proportion of the variability in oxygen 
uptake, heart rate and perceived exertion. It was 
therefore possible to produce prediction models based 
entirely on these task variables.
-Reductions in isometric strength and endurance were 
significantly related to the weight of the load carried, 
but not the distance or frequency of carry.
-Under the conditions of this experiment, loads which 
exceeded approximately 20kg were found to produce high 
levels of physical strain and subjective discomfort.
-Oxygen uptake and heart rate were found to increase in a 
linear fashion with increasing carry distance and 
frequency, but in a quadratic (alinear) fashion with 
increasing load weight.
-Subjective ratings of whole body fatigue, and local 
discomfort were significantly correlated with the weight 
of the load carried, but not the distance or frequency.
Chapter 6.
MODEL VALIDATION.
Introduction.
Having constructed prediction models for heart rate and 
oxygen consumption, it was necessary to validate the 
figures produced by these equations. This validation was 
in two parts:
-The first stage was to compare predicted figures with 
data published from other load carriage studies in the 
literature.
-The second stage was an experimental validation of the 
models, using a different subject group from those used in 
the previous experiment.
Part 1 : Comparison with published data.
Methods.
This initial phase of the validation involved comparing 
the values predicted by the models with data published by 
other researchers. In order for the comparison to be 
valid, such data could only be used if the experimental 
conditions from which they were derived overlapped those 
used in the main experiment in chapter 5. Thus the 
criteria for selection of published data for comparison, 
were as follows:
1. Studies must involve load carriage in both arms, 
infront of the body.
2. Loads must be carried intermittently. That is, the load 
must be carried for a certain distance, and deposited, 
with the subject then returning empty handed to the 
starting point.
3. Load weights must fall between 10 and 30 kg.
4. Carry distances must be between 9 and 15 metres.
5. Frequency of load carriage must be between 2.5 and 3.5 
per minute.
After a thorough search of the literature, only four 
studies were found which satisfied all five of the above 
criteria. Two of these reported both heart rates and 
oxygen consumptions (Monod et al 1985, Taboun and Dutta 
1987), with the other two reporting heart rates only 
(Zerbib et al 1983) or oxygen consumption only (Haszeldine 
1981). These papers together contained a total of 14 
different experimental conditions in which heart rate was 
reported, and 11 in which oxygen consumption was reported. 
The characteristics of these conditions, together with the 
observed heart rates and oxygen consumptions, are given in
tables 6.1 and 6.2 respectively. Also included in these 
tables are the heart rates and oxygen consumptions 
individually predicted for each condition using equations 
(i) and (iii). The analysis of the results is focused upon 
the comparison of these predicted values with those 
observed in the different studies.
The data in the papers of Zerbib et al (1983), Monod et al 
(1985) and Taboun and Dutta (1987), were presented in 
graphical form only. It was therefore necessary to extract 
the required figures from graphs. Whilst attempts were 
made to be as accurate as possible, the figures extracted 
can only be considered approximate. Furthermore, despite 
their graphs being constructed from group means, there 
were no standard deviations or standard errors included in 
the papers of Monod et al (1985) and Taboun and Dutta 
(1987). Statistical comparisons could therefore only be 
performed on the pooled data, and not for each of the 
individual conditions.
/
Results.
Table 6.1 displays the comparison of the observed and 
predicted heart rates. The observed heart rate data were 
very highly correlated with those predicted by the model 
(r=0.93). This correlation was highly significant
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Table 6.1
Comparison of Predicted Heart Rates with Published Data
Reference n Surface Weight
(kg)
Dist. 
(m)
Freq.
(/min)
Obs. 
HR
Pred
HR
Diff
Monod 9 floor 15 10 2.5 101 89 -12
et al 9 floor 15 10 3.0 108 94 -14
(1985) 9 floor 22.5 10 2.5 111 95 -16
9 floor 22.5 10 3.0 125 101 -24
9 floor 30 10 2.5 123 108 -15
9 floor 30 10 3.0 139 116 -23
Taboun 10 t ’mill 13 9 3.0 98 90 -8
and 10 t ’mill 23 9 3.0 106 97 -9
Dutta 10 t ’mill 18 9 3.0 100 92 -8
(1987) 10 t'mill 18 12 3.0 109 102 -7
Zerbib 5 floor 15 10 2.5 99 89 -10
et al 5 floor 15 10 3.0 104 94 -10
(1983) 5 floor 25 10 2.5 119 98 -21
5 floor 25 10 3.0 121 105 -16
Mean 111.6 97.9 -13
(s.d.) 12.1 7.9
t ’mill = treadmill
Obs. HR = Observed heart rates (bt.min-1), mean of n subjects. 
Pred HR = Heart rate (bt.min-1) predicted from equation III.
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Table 6.2
Comparison of Predicted Oxygen Uptake with Published Data
Reference n Surface Weight
(kg)
Dist. 
(m)
Freq.
(/min)
Obs • 
VO 2
Pred 
VO 2
Diff.
Hazeldene
(1981)
8 floor 10 10 2.7 16 15.2 -0.8
Monod 9 floor 15 10 2.5 14.1 13.8 -0.3
et al 9 floor 15 10 3.0 18.1 15.6 -2.5
(1985) 9 floor 22.5 10 2.5 17.6 15.1 -2.5
9 floor 22.5 10 3.0 21.1 17.7 -3.4
9 floor 30 10 2.5 20.6 19.5 -1.1
9 floor 30 10 3.0 26.1 22.7 -3.4
Taboun 10 t ’mill 13 9 3.0 12.2 14.5 2.3
and 10 t ’mill 23 9 3.0 15.4 16.4 1.0
Dutta 10 t ’mill 18 9 3.0 13.5 14.7 1.2
(1987) 10 t ’mill 18 12 3.0 15.4 18.7 3.3
Mean 17.3 16.7 0.6
(s.d.) 4.0 2.7
t ’mill = treadmill
Obs. VO 2 = Observed oxygen uptake (ml.kg.min~1), mean of n subjects. 
Pred VO 2 = Oxygen uptake (ml.kg.min-1) predicted from equation I.
(p<0.001). However the observed heart rates were 
consistently higher than the predicted values, with a mean 
difference of almost 14 bt.min-1. A paired t-test 
indicated that this difference was highly significant
<p<0.001).
Table 6.2 displays the comparison of the observed and 
predicted oxygen consumption data. Again the figures were 
highly correlated (r=0.84, p<0.001), and in this case
there was very little difference between the means (0.6 
ml.kg.min-1). This difference was found to be not 
significant.
Discussion.
It appears that both the heart rate and oxygen consumption 
prediction models produce figures which correlate very 
highly with observed data. However the heart rate model 
consistently underpredicted by a significant margin, and 
therefore may need further validation or modification. 
This was not the case for the oxygen consumption model 
however. The absolute mean difference between the observed 
and predicted data was only 0.6 ml.kg.min~1. This very 
small, and insignificant, difference suggests that the 
model can predict with a high degree of accuracy. However 
closer inspection of table 6.2 shows that the model
slightly overpredicted, the data of Taboun and Dutta 
(1987), whilst slightly underpredicting the data of 
Haszeldine (1981) and Monod et al (1985). The main 
difference between these studies was that the former used 
subjects walking on a treadmill, as in the main study 
(chapter 5), and the latter used subjects walking on the 
floor. Several studies in the past have noted that the 
oxygen cost of carrying a load on the floor is greater 
than that of carrying the same load at the same speed on a 
treadmill (Givoni and Goldman 1971, Garg et al 1978, 
Gordon et al 1983) . When comparing the data from the
studies which used floor walking with the predicted 
values, a mean under.prediction of 2 ml.kg.min-1 emerged. 
This was found to be statistically significant (p<0.01). 
The pattern for the heart rates is similar. Although the 
model underpredicted in all cases, this was greater for 
the floor than the treadmill experiments.
In addition, the method of holding the load may have 
accounted for some of the difference between the predicted 
data and the observed data of Monod et al 1985. The 
results from the preliminary experiment (chapter 3), 
indicated that the method of holding the load employed by 
Monod et al (1985) produced higher heart rates and oxygen 
consumptions than the freestyle method used in the main 
study.
Conclusions.
It appears that the models can predict oxygen consumption, 
and to a lesser extent heart rates, with reasonable 
accuracy when loads are carried on a treadmill. When loads 
are carried on the floor however, the models tend to 
underpredict the data observed in other studies. These 
conclusions can only be tentative due to the relatively 
small number of studies on which this comparison is based, 
and the large number of factors which can influence heart 
rate and oxygen consumption. It is suggested therefore 
that the second stage of the validation should investigate 
further the effect of carrying a load on the floor 
compared to on a treadmill. This is particularly important 
if the prediction models are to be of use in industrial 
situations.
Part 2. Experimental Validation
Introduction
Part 1 of the validation study indicated that the models 
appeared to slightly underpredict the physiological cost 
of carrying loads. This was possibly due to the differing 
effects of carrying loads on a treadmill compared to on 
the floor. The main aim of this part of the study was 
therefore to experimentally determine the accuracy of the 
models in predicting the physiological cost of carrying 
loads on the floor.
Methods
Protocol
The overall experimental protocol was again similar to 
that of the main experiment (chapter 5). After 
instrumentation the resting heart rate, oxygen consumption 
and subjective measures were taken. This was followed by 
the initial isometric strength and endurance tests. Having 
allowed two minutes for recovery, the subjects were fitted 
with an oxylog respirometer (see Measurements, this 
chapter) and performed the repetitive load carriage task. 
This lasted a total of 20 minutes, consisting of two 10 
minute work periods separated by a three minute rest
period. Subjects were seated during this rest period and 
performed the random number crossing task, as described in 
chapter 5. Immediately following the final work period the 
oxylog was removed, final subjective ratings taken, and 
the battery of isometric tests repeated.
The fundamental difference between this and the main study 
experiment was that the loads were carried over a measured 
course on the floor, rather than on a treadmill. A 12 
metre rectangular course was marked out on the floor of 
the laboratory, as shown in figure 6.1. The subjects 
carried the box for one circuit, then placed it on a table 
at the start/finish point and proceeded to walk empty 
handed for a further complete circuit. This continued in 
repeating cycles, thus simulating a loading or unloading 
task. The table height was set at 90cm, which is 
approximately equal to the average height of the treadmill 
shelf used in the main experiment.
The frequency of load carriage movements was 3 per minute 
for all conditions. Each complete load carriage movement 
being one circuit carrying the load, plus one empty 
handed. Thus the subjects were required to walk six laps 
of the circuit each minute, giving a required lap time of 
10 seconds. A microcomputer was programmed to give an 
auditory time signal to enable the subjects to pace 
themselves appropriately. The bleeps were set at 5 second
use<
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intervals, enabling the subjects to adjust their pace 
halfway round the course if necessary. Prior to starting 
each condition the subjects were given time to practise 
walking round the circuit in order to get a feel for the 
desired pace. In practise this was found to be quite 
simple, with no subject experiencing difficulty in keeping 
to time. Plate 12 illustrates a subject carrying the load 
over the 12 metre circuit.
Experimental design.
The experimental design is displayed in figure 6.2. Each 
subject performed three conditions, which comprised the 
carriage of 10, 20 and 30 kg over the 12 metre course, at 
a rate of three per minute. These were presented in a 
balanced order to minimise order and training effects, and 
were performed at the same time on three different days.
Task design justifications.
1. Distance and Frequency.The results from the main study 
showed that the effect of carry distance and frequency was 
linear with respect to physiological and subjective 
responses. It was alse found that overall, distance and 
frequency exerted less of an influence on the responses 
than did load weight. For these reasons, and in the
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Plate 12
Subject earring the load over the 12 m course
FIGURE 6.2
Experimental design - Validation experiment
Cond. No. 1 2 3
i No. 
1 10 20 30
2 20 30 10
3 30 10 20
4 30 20 10
5 10 30 20
6 20 10 30
10 = 10 kg condition
20 = 20 kg condition
30 = 30 kg condition
interests of keeping the number of experimental conditions 
down to manageable proportions, it was decided to use a 
single carry distance and a single carry frequency in this 
experiment. The values of these were 12 metres distance, 
and a frequency of three per minute. These were chosen 
because they represent the midrange, or centre, values 
used in the main study. They were also the values of 
distance and frequency most used in the main study, which 
means that there is the greatest amount of data available 
for comparison.
2. Weight.
Load weight was found to be the most important of the 
three task variables used in the main study. It therefore 
merited most attention in the validation experiment. It 
was also found to have an alinear relationship with most 
of the physiological and subjective responses. Thus in 
order to explore this alinear relationship further, a 
minimum of three load weights were required. Therefore the 
weights chosen for this experiment were 10, 20 and 30 kg, 
which represent the full range used in the main study.
3. Box.
The box used in this study was identical in dimensions to 
that used in the main study, length 38cm, width 21cm, and 
height 22cm. The lead weights used were again fixed at the 
centre of gravity of the box using polystyrene blocks.
Measurements.
1. Heart rate.
This was monitored throughout the experiment using the 
Hewlett Packard telemetry system used in the main study. 
The wireless telemetry system enabled heart rate to be 
monitored continuously without impeding the free movement 
of the subject.
2. Oxygen consumption.
Oxygen consumption was measured using an Oxylog 
respirometer (P K Morgan Ltd). This device has been 
validated for the field measurement of oxygen consumption 
by Ballal and McDonald (1982) and Harrison et al (1982), It 
was used in this experiment because it is a body borne 
ambulatory device, and thus allowed oxygen consumption to 
be measured without interfering with the free movement of 
the subjects. This would not have been possible using the 
Douglas bag method.
The device was worn on the subjects back so as not to 
impede the handling of the box, and was supported by waist 
and shoulder straps. Plate 13 shows the Oxylog in use by a 
subject.
Previous experience in using this device had shown that 
the face mask, which is supplied as standard, is poorly
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Plate 13
Subject wearing the Oxylog respirometer
fitting and may allow some air leakage. This would 
obviously reduce the accuracy of the device. For the 
purposes of this experiment therefore, the device was 
modified to overcome this problem. The facemask was 
replaced with a mouthpiece and noseclip system which was 
much less prone to air leakage. The inspiratory flowmeter 
was removed from the facemask and bonded to the 
inspiratory side of a wide bore valvebox, to which 
sterilised rubber mouthpieces could be , fitted. The 
expiratory side of the valvebox was connected to the 
Oxylog via wide bore flexible tubing. Plate 14 displays 
the modified valvebox in closeup.
Prior to the experiments the modified Oxylog was fully 
calibrated. Firstly the flowmeter was calibrated for 
volume output using a 1 litre precision syringe. Then the 
paramagnetic oxygen analysers, which had just been 
replaced, were calibrated with test gases. This involved 
initially setting them to zero, using 100% nitrogen, then 
calibrating them with a 15% oxygen mixture, and finally 
room air. This full calibration procedure was repeated at 
the end of the experiments to ensure that no drift had 
occurred in the intervening period.
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Plate 14 
Modified Oxylog valvebox
3. Isometric strength and endurance*
The isometric strength and endurance measurements were 
made using the same equipment, and an identical protocol 
to the main study. These were taken prior to, and 
immediately after each load carriage condition. Full 
details of the materials and methods are given in chapter 
5.
4. Subjective measures.
Ratings of perceived exertion using the Borg (1970) scale 
were taken during the first and last minutes of each work 
period. In addition, ratings of regional pain or 
discomfort, using the protocol described in the main 
study, were taken at the beginning and end of each of the 
work periods.
Subjects.
Six male subjects were used in this experiment, none of
whom had participated in the main study. Their physical
/
characteristics are given in table 6.3.
Table 6.3
Physical Characteristics of Subjects 
- Validation Experiment
Height (cm) 181.3 4.3
Weight (kg) 78.0 5.2
Age (years) 32.2 8.4
Handgrip Strength (kg) 40.3 11.1
Elb.Flex Strength (kg) 31.8 7.9
RESULTS
The analysis of the heart rate and oxygen consumption 
results is mainly concerned with the comparison of the 
values observed in this experiment, and the values 
predicted by the models produced in the main study.
Heart rate.
Table 6.4 displays the heart rate results in full. The
observed and predicted values were highly correlated 
(r=0.82, p<0.001), but as with the published data the
predicted values were consistently lower than the
observed. The overall mean difference was 11.6 beats per 
minute, which was shown to be highly significant by a 
paired t-test (p<0.001).
Table 6.4 also shows the mean difference between the the
observed and predicted values at the different load 
weights. The greatest difference was at 20kg, although 
there appears to be no trend in the degree of error with 
respect to load weight.
The relationship between heart rate and load weight 
appears to be alinear, as was also found in the main
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TABLE 6.4
Comparison of Observed and Predicted Heart Rates (bt.min-1)
- Validation Experiment
Sub. Cond. Obs HR Pred HR Diff.
1 10 97 99 2
2 10 115 99 -16
3 10 114 99 -15
4 10 101 99 -2
5 10 113 99 -14
6 10 105 99 -6
X
sd
107.5
6.9
99
0
-8.5
6.9
1 20 108 105 -3
2 20 125 105 -20
3 20 127 105 -22
4 20 110 105 -5
5 20 118 105 -13
6 20 128 105 -23
X 119.3 105 -14.3
sd 8.0 0 8.0
1 30 123 125 2
2 30 134 125 -9
3 30 150 125 -25
4 30 132 125 -7
5 30 137 125 -12
6 30 146 125 -21
X 137.0 125 -12.0
sd 8.9 0 8.9
TOTAL
X 121.3 109.7 -11.6
sd 14.9 11.4 14.9
experiment. Figure 6.3 displays the mean observed and 
predicted heart rates at the three load weights. It can 
clearly be seen that the difference in heart rate response 
between 20 and 30 kg is greater than the difference 
between 10 and 20 kg.
Oxygen consumption.
The oxygen consumption results are displayed in table 6.5, 
along with the predicted values for each condition. Again 
the observed and predicted values were highly correlated 
(r=0.82, p<0.001), and again the predicted values were on
average lower than the observed. The degree of 
underprediction of oxygen uptake was relatively small, 
with an overall mean difference of 1.6 ml.kg.min-1. 
However this difference was still found to be 
statistically significant using a paired t-test (p<0.01).
As with the heart rate data there appeared to be no trend 
in the differences between observed and predicted values 
over the range of load weights. Table 6.5 shows that the 
greatest underprediction again occurred at 20kg.
The relationship between oxygen consumption and load 
weight is displayed in figure 6.4. An alinear pattern can 
clearly be seen in the predicted data, but is much less 
pronounced in the observed values.
266
Figure 6.3
Comparison of Observed and Predicted Heart Rates
Heart Rate 
(bt.min- 1 )
Observed 
(Validn. study)
140
130 •
Predicted 
(Main study)120 *
110
100
302010
Load Weight (kg)
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TABLE 6.5
Comparison of Observed and Predicted Oxygen Uptakes (ml.kg.min-1
- Validation Experiment
OVID • 
1
uonu . 
10
uua vkj 2
22.3
rrcu v w 2 
18.0
U l l l  i
-4.3
2 10 18.4 18.0 -0.4
3 10 19.3 18.0 -1.3
4 10 16.1 18.0 1.9
5 10 21.0 18.0 -3.0
6 10 18.9 18.0 -0.9
X 19.3 18.0 -1.3
sd 2.0 0 2.0
1 20 25.1 19.5 -5.6
2 20 21.5 19.5 -2.0
3 20 22.7 19.5 -3.2
4 20 19.6 19.5 -0.1
5 20 21.1 19.5 -1.6
6 20 23.8 19.5 -4.3
X 22.3 19.5 -2.8
sd 1.8 0 1.8
1 30 30.3 26.4 -3.9
2 30 24.7 26.4 1.7
3 30 26.5 26.4 -0.1
4 30 24.8 26.4 1.6
5 30 26.1 26.4 0.3
6 30 29.6 26.4 -3.2
X 27.0 26.4 -0.6
sd 2.2 0 2.2
TOTAL
x 22.9 21.3 -1.6
sd 3.8 3.8 3.8
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Figure 6.4
Comparison of Observed and Predicted Oxygen Uptakes
Oxygen Uptake 
(ml.kg.min ~1)
Observed
(Validation study)
27
Predicted 
(Main study)
25
23
21
19 ‘
17 *
10 20 30
Load Weight (kg)
Recovery.
The recovery values of heart rate and oxygen consumption 
are given in table 6.9. In none of the three conditions
did either heart rate or oxygen consumption return to
resting levels within the 3 minute rest period. Paired 
t-tests showed that they were significantly higher 
(p<0.001) than the resting values in every case.
It is also apparent from table 6.9 that the recovery 
values of heart rate and oxygen consumption were 
influenced by the weight carried. Recovery values appeared 
to increase with increasing load weight. Furthermore, as 
with the working heart rates and oxygen consumptions, this 
increase was not linear. Table 6.9 shows that the 
difference between carrying 20kg and 30kg was bigger than 
the difference between 10kg and 20kg,
Isometric strength and endurance.
The results of the isometric measures are summarised in 
figures 6.5, 6.6 and and 6.7, which display the decrements 
in endurance time, isometric strength, and combined 
fatigue score. It can be seen that the overall pattern of
the responses are similar for the main and validation
studies. In particular both studies show an alinear
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TABLE 6.9
Mean (sd) Values (n=6) of Heart Rate and Oxygen Consumption 
during the 3 minute Rest Period in each condition
Cond. Heart Rate Oxygen Consumption
(bt.min-1) (ml.kg.min-1)
Rest 70.1 (6.0) 0.27 (0.03)
10kg 81.5 (9.0) 0.37 (0.1)
20kg 86.2 (15.4) 0.38 (0.1)
30kg 95.0 (14.0) 0.40 (0.1)
271
Figure 6.5
Comparison of Endurance Time Decrements
- Main and Validation studies
HANDGRIP
Decrease in Endurance Time 
{initial-final, expressed 
as a % of initial score)
35
30 - 
25 - 
20
15 ' 
10 - 
5
0
r
10
Main study
Validation study
20
™!
30
Load Weight (kg)
ELBOW FLEXION
Decrease in Endurance Time 
(initial-final, expressed 
as a % of initial score)
50 ■ 
45 * 
40 - 
35 
30 " 
25 * 
20 * 
15 
10 
5
Validation stud:
Main study
10
------ 1------:----------- "I
20 3D
Load Weight (kg)
272
Figure 6.6
Comparison of Isometric Strength Decrements
- Main and Validation studies
HANDGRIP
Decrease in Isometric Strength 
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as a % of initial score)
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Figure 6.7
Comparison of Combined Strength and Endurance Decrements
- Main and Validation studies
HANDGRIP
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pattern of strength and endurance decrement with 
increasing load weight. The difference in response between 
20 and 30kg is much greater than that between 10 and 20kg 
in all cases.
In addition the results of both studies have two other 
features in common:
1. The decrements in elbow flexion strength and endurance 
were much greater than those of the handgrip.
2. The percentage decrements in endurance time were much 
greater than the decrements in strength.
However despite the overall patterns being similar, there 
were some differences in the absolute values of strength 
and endurance decrements between the two studies. These 
are outlined in table 6.6. The decrements in both elbow 
flexion strength and endurance were significantly greater 
in the present experiment than in the main experiment. 
This was the case for strength and endurance presented 
separately (p<0.05 in both cases), and when presented as a 
combined score (p<0.05). This was not the case for the 
handgrip measures however. The decrements in these were 
slightly less in the present study than in the main study, 
although this difference was too small to reach 
statistical significance.
Table 6.6
Mean Difference (%) between Isometric Measures
in the Main and Validation Studies
E.Flexion Handgrip Combined
Weight Str. End. Str. End. Str. End.
10 +6 +9 -3 -11 -8 + 5
20 + 1 + 11 -2 -5 -1 +6
30 + 5 + 10 -1 0 + 1 +8
X +4 + 10 -1 -5 -3 +6
iig * *** NS NS NS *
Figures refer to the mean difference (%) between the 
results from Main study and the Validation study
*** = p<0,001
* = p<0.05 
NS = not significant
Perceived exertion.
The perceived exertion results are presented in table 6.7. 
The values observed in the present study were consistently 
higher than the corresponding values in the main study. 
This difference was found to be statistically significant 
(p<0.05), and indicates that the subjects perceived the 
work as being slightly harder. The mean difference between 
the ratings in the two studies was 1.0. This corresponds 
to a difference in heart rate of approximately 10
bt.min-1, and is comparable to the observed difference of
11.7 bt.min~1.
Regional discomfort.
The regional discomfort results are summarised in table 
6.8. As with the main experiment the reports of discomfort 
were confined to four areas, the upper and lower arras, the 
hands or wrists, and the lower back. The pattern of 
reporting also followed a similar pattern to the main 
study. There were no reports at 10kg, with some reports of
minor discomfort at 20kg. However at 30kg every subject
reported some degree of discomfort, which in 2 cases was 
moderately severe.
TABLE 6.7
Comparison of Mean (sd) Perceived Exertion Ratings
Cond. Main Study Validn. Study Diff.
10kg 9.4 (1.0) 11.1 (0.9) 1.7
20kg 11.4 (1.1) 12.3 (0.7) 0.9
30kg 13.5 (1.2) 13.9 (1.0) 0.4
x =
L / O
Table 6.8
Regional Discomfort Ratings 
- Validation Study
Cond. 10
Sub. Area Rating
20
Area Rating
30
Area Rating
U. Arm 
U. Arm
Wrist
Wrist
Hand
U. Arm
L . Arm
L . Back
Wrist 
L . Arm
DISCUSSION
Prediction models.
The analysis of the results shows clearly that both 
prediction models underpredicted the cardiovascular and 
metabolic cost of load carriage on the floor. A possible 
explanation for this is that when performing the 
repetitive load carriage on the treadmill, the pace of 
walking was very consistent. The subjects merely picked 
up or put down the load on a shelf in front of them whilst 
maintaining the predetermined walking speed. However when 
performing a similar task on the floor the pace 
continually changed. It was necessary to slow down in 
order to pick up or put down the load safely at the 
depository, and then accelerate away again afterwards. In 
addition, the course used in this experiment involved the 
negotiation of corners, which also required an 
interruption of the walking pace. It is likely therefore 
that continually having to accelerate and decelerate the 
weight of the body plus load, would incur a greater 
physiological cost than walking at a completely uniform 
pace.
It has been established, through this experiment and the 
comparison with published data, that the models do
slightly underpredict the cardiovascular and metabolic 
cost of carrying a load on the floor. It was therefore 
necessary to modify the models, applying a correction 
factor to produce more accurate figures. This would 
increase their applicability to industrial situations.
Correction factors.
It was apparent from the results of the validation study 
that there was no consistent trend in the error in 
prediction over the range of conditions. This was the case 
for both models. It was therefore not applicable to apply 
a correction factor which was correlated with the task 
variables, such as a percentage increase.
Neither was it appropriate to combine the data from this 
study with that of the main study, and generate completely 
new models. The reason for this being that the 
experimental design in the main study was balanced, and 
specifically set up to optimise the fit of the regression 
equation produced from the raw data. The addition of other 
data points would produce an unbalanced design, and 
decrease the amount of variance accounted for by the model 
(Prescott 1987).
Thus it was decided to use a simple numeric augmentation 
to correct the figures produced by both models. The size
of the augmentation for the oxygen consumption model was 
quite small. The original model was only in error by 1.6 
ml.kg.min-1 in comparison to the experimental data, and by 
2 ml.kg.min"1 in comparison to the published data on load 
carriage on the floor. It was therefore decided to augment 
the predicted figure by 1.6 ml.kg.min-1. It was possible 
to simply amalgamate this correction factor into the 
equation constant, which meant that it was not necessary 
to alter any of the predictor coefficients. The revised 
model for oxygen uptake therefore takes the form:
V02 = 37.9-(1.74W)-(1.76D)-(7.17F) + (0.027W2)
+(0.041WD)+(0.196WF)+(0.783DF) (vi)
The heart rate model underpredicted by a greater degree 
than the oxygen uptake model. The difference was 
approximately 12 bt.min-1 in comparison with the
experimental data, and 16 bt.min-1 in comparison to the 
published data on load carriage on the floor. It was 
apparent however that the published data of Monod et al 
(1985) involved the carriage of loads with bent arms,
rather than straight arms as was used in the main
experiment. Carrying with bent arms has been shown to 
produce higher heart rates than carrying the same load 
with straight arms (see chapter 3). It is likely therefore 
that part of the 16 bt.min-1 difference between the
predicted and published values was due to the way the load
was beld. Bearing this in mind, it was decided to use 12 
bt.min-1 as the correction factor for the heart rate 
model. The revised model therefore takes the form:
HR = 125 - (2.4W) - (2.12D) - (8.75F) + (0.063W2)
+ (0.101WD) + (0.005WF) + (1.18DF)
(vii)
Other results.
As well as producing higher heart rates and oxygen 
consumptions, the load carriage task on the floor produced 
a greater degree of fatigue in the elbow flexors. The 
reason for this is most likely due to the greater overall 
workrate in the validation experiment, since there was 
very little difference in the absolute strength of the two 
subject groups. It is not clear why there was a slight 
decrease in handgrip strength and endurance. It is 
possible that this was due in part to the shorter overall 
period of work in this experiment.
The overall pattern of the results for heart rate, oxygen 
consumption, isometric fatigue, perceived exertions, and 
regional discomfort in this experiment were all very 
similar to those observed in the main study. This 
validation therefore allows greater confidence in the 
conclusions which were drawn from the results of the main 
study.
Chapter 7.
GENERAL DISCUSSION.
GENERAL DISCUSSION
1. Implications of the findings.
The results of this study have many practical
implications. Foremost of these are the recommended 
maximum weights for manual load carriage. It was found 
that under certain conditions a significant degree of 
fatigue was produced in the handgrip and elbow flexor 
muscles. The degree of fatigue was such that it was likely 
to limit the ability to continue work for prolonged
periods, as well as causing considerable pain and
discomfort.
It was also apparent that this fatigue was detectable at 
workloads which would normally be considered fairly 
moderate. That is, workloads which produce heart rates and 
energy expenditures well within ergonomic norms. Although 
heart rate and metabolic rate give a good indication of 
overall whole body strain, they appear to be rather
insensitive to local or peripheral muscle fatigue. It is 
likely therefore that if heart rate or metabolic rate were 
used as the sole indicator of work strain, workloads could 
be recommended which could still be very fatiguing, 
particularly for work with a high static component. The
high incidence of injury and illness associated with 
materials handling work suggests that this has been the 
case.
One example of this, found in the literature, was in a 
study from Czechoslovakia (Hanusova 1969). Complaints of 
fatigue from the workers prompted a study of the work 
practise in a group of bricklayers. The author based the 
study entirely on measures of energy expenditure, and 
concluded:
"the caloric consumption of the workers did not exceed the 
physiologically recommended value for the entire working 
day. On these grounds it is not recommended that they be 
given exceptional rest allowances".
Clearly the work calories alone did not reflect the 
fatigue felt by the workers. It is perhaps more likely 
that for this type of work, which involves holding, 
carrying and lifting, the fatigue was peripheral in 
nature.
In the present study it was found that the weight of the 
load was the predominant factor in the causation of the 
local muscle fatigue. Distance, frequency, or speed of 
carry had little effect. It might therefore be recommended
that, to minimise local muscle fatigue, loads which are to 
be repetitively carried should be kept reasonably light in 
weight. This may mean that to move a given tonnage, more 
return journeys need to be made than if heavier loads were 
carried each time.
This recommendation is in contradiction to a number of 
past recommendations on manual load carriage, which have 
been based only on energy cost (eg Teeple 1957, Hamilton 
and Chase 1969, Burse 1978). These studies have found that 
it is more efficient to carry heavy loads over a fewer 
number of trips than vice versa. As a result load weights 
as high as 50-60 kg have been recommended as being optimal 
(Lehmann 1962, quoted in Grandjean 1980). Such loads would 
almost certainly produce considerable local fatigue, and 
high levels of discomfort after a short period. These very 
heavy weights are also likely to increase the strain and 
wear and tear on the joints and ligamentous structures of 
the whole body. These are further reasons why it seems 
preferable overall to carry light loads, even if this does 
incur a slightly higher energy cost per kilogram/metre 
moved. However, as discussed later, the increased energy 
cost could reasonably be compensated for by an appropriate 
recovery allowance.
The question as to what constitutes a ’ light* or ’heavy’ 
load can not be conclusively answered. This is likely to 
depend on many factors to do with the person, the object 
carried, the task, and the environment. However the
findings from this study do indicate that a figure of 
around 20 kg is the upper limit of an acceptable load 
under the conditions used. Below this weight there were 
few signs of local muscle fatigue and local discomfort. 
However above it there were significant levels of fatigue 
and discomfort, and heart rate and oxygen consumption 
began to rise more steeply.
This finding requires more detailed research to qualify it 
further. In particular there is a need to investigate the 
effects of duration of work on what constitutes an
’acceptable* weight.
As noted above, it was apparent that at load weights below 
20 kg or so, there was little evidence of significant 
local muscle fatigue. It is likely therefore that the 
limiting factor when carrying the lighter loads would be 
central cardiovascular or metabolic fatigue. This is 
particularly so if the journeys are made at a high
frequency or fast pace. In this situation there is a need
to be able to assess the cardiovascular and metabolic 
strain caused by the work. Prediction models, such as
those produced in this study, are a convenient way of 
assessing this. The models provide a reasonably accurate 
estimate over a range of conditions, and can be used to 
indicate the task characteristics which produce heart 
rates and metabolic rates within accepted limits.
Furthermore, carrying light weights at a high frequency 
constitutes work which is mainly dynamic in nature, 
containing a fairly small static work component. This is 
in contrast to carrying heavier weights at a lower 
frequency, which has a large static component. It may 
therefore be appropriate to apply recovery allowance (RA) 
formulae, such as those proposed by Spitzer (1951) or 
Muller (1960), to the carrying of light weights. These RA 
formulae were chiefly based on the metabolic and 
cardiovascular responses to mainly dynamic activities (see 
chapter 2, section 3.1). They are thus of limited 
applicability to work with a large static component, such 
as carrying heavy loads (Randle 1984), but may be more 
appropriate for tasks involving the carriage of light 
weights. This is advantageous since the RA formulae could 
be used in conjunction with heart rate and metabolic rate 
prediction models, to design and analyse industrial load 
carriage tasks without the need for experimentation.
2. The use and abuse of prediction models.
The empirically based prediction models produced in this 
study have a number of potential applications. They can be 
used to:
1. Estimate the response to a set of conditions not 
included in the experiment.
2. Estimate the required values of load weight, distance
and frequency for a given level of energy expenditure or
heart rate.
3. Study the effects of a trade-off between two or more of 
the variables.
4. Compare the relative effects of load weight, distance
and frequency on the response.
5. Determine the shape and nature of the response surface.
These are very useful applications, which could save 
considerable time and expense by reducing the need for 
repetitious experimentation. They also provide an overall 
picture of the physiological responses to the work.
However all prediction models should be used with some 
caution, since they do have limitations and can easily be 
misused. The main limitation of such models lies within 
the number and range of variables used to construct them. 
Many models have been produced which include a large 
number of dependent variables, some of which may be 
impractical or difficult to apply. For example Mital and 
Ilango (1983) produced a model for load carrying capacity 
which included as dependent variables the density of the 
material in g/cc, the centre of gravity offset of the 
load,and the strength of the subjects arms.
The main reason for including these was that they were 
found to exert some influence on the response. Thus their 
inclusion in the equation increased the amount of 
variability in the data which the model accounted for. 
This gave the equation a higher r 2 value, which was close 
to unity. The model therefore appears to have a very high 
degree of accuracy, and as such appears to be quite 
attractive. However the inclusion of these obscure 
variables makes the model very impractical to use. There 
are many other examples of models which include a large 
number of variables, and have an r 2 value approaching 
unity (eg Asfour 1980, Mital et al 1984). These also 
suffer from a lack of applicability to practical work 
situations.
In the construction of the models in the present study, it 
was intended to deliberately limit the dependent variables 
to those which could be easily obtained in practical work 
situations, without the need for any complex measurements. 
This would maximise the usefulness of the models. It was 
found in the event that load weight, distance, and 
frequency alone accounted ’ for around 80% of the 
variability in the data. This was highly significant and 
represented an acceptably large proportion to give a 
reasonably accurate estimate. The inclusion of . other 
dependent variables would not have increased the 
predictive ability of the models by any great extent, but 
would have detracted from their.practicality.
Thus although a high predictive ability (high r 2) is a 
desirable feature in a prediction model, it is by no means 
the most important in terms of its overall usefulness.
The range of conditions over which a model can be used is 
another important limitation. Predictions can only be 
confidently made within the limits of the experiment upon 
which the model is based. That is, values can only be 
interpolated between the experimental points, and not 
extrapolated beyond them (Box 1951). This is particularly 
so with non-linear models, . and those which have 
significant interactions between the variables, where 
extrapolation outside the experimental range can lead to
large prediction errors. For this reason it is important 
to be aware of the upper and lower limits of each of the 
variables used in the equation. However it is apparent 
that in many scientific papers in which prediction models 
are presented, the upper and lower limits of all of the 
variables are not given (eg Garg et al 1978, Mital et al 
1984). In others this information can only be obtained by 
a careful and thorough scouring of the materials and 
methods, whilst the equation itself is given on the front 
page (eg Givoni and Goldman 1971, Aberg et al 1968). This 
situation makes it easy for models to be misused, and 
erroneous predictions made due to lack of awareness of the 
models limits.
3. On the use of qualified workers.
The subjects used throughout this study were university 
staff and students, and as such they were not engaged in 
the lifting or carrying of loads as a routine part of 
their occupations. They could therefore be described as 
naive or untrained workers, as opposed to workers who were 
trained or "qualified” for this type of task. The work 
study definition of a "qualified" worker (BS 3138:1979) is 
one who has attained the necessary physical and mental 
attributes to carry out the work to satisfactory standards 
of safety, quality and quantity. For physical work this
may include the ability to pace themselves within the 
duration of a shift to minimise fatigue. Since the 
subjects used were not "qualified" workers, a question is 
posed as to whether it is appropriate to use them to 
formulate models for industrial work. Specifically, do the 
responses of naive workers differ significantly from those 
of qualified workers? Two studies have investigated this.
Mital and Ilango (1983) made a comparison of the 
psychophysical load carrying capacity of male college 
students and industrial workers. They found that the 
college students tended to overestimate the load which 
they could carry for longer distances, and were willing to 
carry less weight overall than the industrial workers. 
This was despite the fact that the physical 
characteristics of the two groups, including their 
isometric strengths, were very similar. It was concluded 
that the differences were due to the experience, or 
acquired skill of the industrial workers, rather than 
physiological differences.
Hamley and Menneer (1982) made a comparison of the heart 
rate and oxygen consumption responses of skilled workers 
(athletes) with those of non-skilled workers 
(non-athletes), when cycling and running. The subjects 
were asked to work until they felt tired, and then to rest 
and restart when they felt sufficiently recovered to work
again. They found that the skilled subjects were able to 
repeat the task cycle with almost equal lengths of time at 
work on successive bouts. This the authors suggest 
indicated that the subjects had correctly estimated their 
required recovery time. The unskilled subjects however 
were much less able to pace themselves adequately. They 
restarted earlier after the first cycle, but thereafter 
progressively decreased their duration of activity and 
increased their required rest periods. As the authors 
state " their exuberance after the first cycle rapidly 
gave way to an inability to continue useful work".
Thus it appears that the fundamental difference between 
the two groups is the inability of the unskilled to 
adequately pace themselves, or judge what is within their 
limits. This highlights the need for guidelines and 
methods of regulating levels of workload to protect novice 
workers in particular.
It was also found from the above studies that the 
physiological responses of the two groups were similar. 
Hamley and Menneer (1982) found that when the pace was 
forced, the responses of the skilled people imitated those 
of the unskilled. Thus, when skilled workers are not able 
to pace their own work, or when they are performing novel 
tasks, they are equally in need of workload guidelines as 
the unskilled. Situations in which the work is externally
paced are fairly commonplace in industry, for example 
carrying finished goods away from the end of a production 
line. Thus methods of estimating workload, such as 
prediction models, may be usefully employed in these 
situations for all workers.
It would appear therefore that the use of non-qualified 
workers to produce prediction models is valid, since their 
most useful application is with non-qualified workers or 
qualified workers in forced-pace situations.
Chapter 8.
CONCLUSIONS.
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CONCLUSIONS
Past studies on manual load carriage have generally had 
very limited applicability to industrial load carriage 
tasks. This was exemplified by the inability of previous 
models to predict accurately the responses to carrying 
loads in an intermittent fashion. Furthermore, the highly 
stylised modes of load carriage used in some previous 
studies have been shown to differ significantly, and 
produce greater fatigue than the more realistic freely 
chosen modes. This places further limitations on the range 
of situations in which the results of these studies are 
applicable.
The results of the present study have shown that, for short 
repetitive load carriage tasks, the weight of the load is 
more important than the distance or frequency of carriage 
with respect to the cardiovascular, metabolic, subjective, 
and peripheral muscle fatigue responses.
However load weight, distance and frequency combined 
account for a high proportion of the variance in the heart 
rate and oxygen consumption data. This makes it viable 
to produce prediction models based solely on these task- 
related variables.
The results also indicated that when heavy loads (>20kg) 
were carried, significant muscular fatigue and high levels 
of discomfort were produced in the arms and hands of the 
subjects. This was shown to occur in some circumstances at 
workloads well within current physiological stress
298
criteria. It is likely therefore that it is local muscle 
fatigue which will become the limiting factor when heavy 
loads are carried in the arms.
When light loads (<20kg) were carried there was little 
evidence of local muscle fatigue and discomfort. In these 
situations the strain of the work was better reflected by 
the central cardiovascular and metabolic responses. The 
use of well established physiological workload guidelines 
are more applicable in these circumstances.
It is therefore recommended that overall it is preferable 
to carry light loads, if necessary at a high frequency, 
than to carry heavy loads at a lower frequency. This 
recommendation, based on a multidisciplinary study of load 
carriage, is at variance with the recommendations of 
previous studies based only on central metabolic cost 
criteria.
SUGGESTIONS FOR FURTHER RESEARCH
It was clear that local muscle fatigue occurred when the 
heavier loads were carried, even after the relatively 
short durations used in these experiments. However there 
is a need to investigate the effects of much longer 
durations of work on the degree of local muscle fatigue 
produced. It is likely that the degree of fatigue will 
vary with duration of work , and therefore any 
recommendations given on acceptable workloads may need to 
be adjusted to take account of this.
In addition, the subjects used in this study were all 
males aged between 20 and 40. This does not represent the 
whole industrial population who are exposed to manual 
materials handling activities. There is a need to extend 
the investigations to include a wider range of subjects. 
In particular the responses of females and older workers 
would be of interest, since they may be more at risk of 
injury than the population investigated in this study.
The ranges of the variables used to produce the prediction 
models were chosen to be representative of industrial work 
situations. However the usefulness of the models would be 
enhanced if the ranges of weight, distance and frequency 
were extended beyond their current limits.
One other avenue of investigation would be to study the 
effects of different periods of work and rest on the 
responses obtained. Such data would contribute further 
towards a schedule for the appropriate allocation of 
working times and recovery allowances for industrial work.
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